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Abstract 
The most common superconductors used in medium and high field superconducting 
magnets are Nb3Sn multi-tilamentary composite wires. The mechanical properties of 
these wires can have a strong bearing on the capabilities of the magnets because their 
superconducting properties are strongly dependent on the strain state within the 
Nb3Sn. The wires can be subjected to high levels of mechanical stress during 
fabrication and when the magnet is energised. The effect that this stress has on the 
Nb3Sn strain state is dependent on the stress-strain behaviour of the wires. 
A tensile testing procedure was developed and extensive measurements of stress-strain 
curves of particular superconducting wire were made at room temperature and 77 K. 
The effect of the reaction heat-treatment process on the stress-strain behaviour was 
investigated and this showed that it would not be possible to improve the mechanical 
properties, while at the same time maintaining satisfactory superconducting 
properties, by optimisation of the heat-treatment duration. The heat-treatment process 
changes the physical dimensions of wires and this can influence the stress and strain 
that the wires experience. A study of these dimensional changes was made and the 
implications were discussed. 
Another part of the research was the development of a finite element model to predict 
the stress-strain behaviour of Nb3Sn multi-filamentary composite wire. Considerable 
attention was paid to the accurate representation of the constituent material properties. 
A very good match between the F. E. and experimental results was obtained, although 
a number of aspects of the model remain uncertain. To provide further experimental 
data to validate the F. E. model, a novel experimental procedure was developed. This 
involved reducing the diameter of wires by etching in acid and measuring the effect on 
axial strain and stress-strain behaviour. This provided data that was directly related to 
the material within separate radial zones within the wire cross-section. Axial residual 
stresses were obtained as well as stress-strain curves for the material within the 
individual radial zones. In gencral, the results showed that the F. E. model provides a 
good representation of the wire. 
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1.1 Introduction 
Many of the world's most technologically advanced machines, such as MRI body 
scanners, nuclear fusion reactors and magnetic levitation trains, have superconducting 
magnets at their heart. These machines all utilise the high magnetic fields that can be 
generated by superconducting magnets, typically 1000 times higher than generated by 
normal electromagnets of similar size. Superconducting magnets are similar in 
construction to nonnal electromagnets, except instead of the windings being made 
from copper wire, they are wound with a superconducting material, usually in the 
fonn of a multi-filamentary composite wire. This wire can experience high levels of 
mechanical stress during fabrication and operation of the magnet. The mechanical 
properties of the wire will have a strong bearing on the level of this stress and on the 
associated strain. The stress and strain in the wire strongly affects the superconducting 
current carrying capacity and therefore the magnetic field that the magnet is able to 
generate. Thus, the mechanical properties can have a strong bearing on a 
superconducting magnet's capabilities. Until recently, however, the majority of 
research has been focussed on improving the superconducting properties of wires 
without much consideration of the mechanical properties. With the development of 
evennore larger and powerful superconducting magnets, the need has increased for 
accurate data on the mechanical properties as well as understanding about how these 
properties are affected by wire structure and manufacture. 
This thesis presents comprehensive experimental data of the mechanical properties of 
one particular superconducting wire and how they vary with heat-treatment, and also a 
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finite element model of the \vire for modelling the mechanical properties. The F. E. 
model is validated against a range of experimental data. 
1.2 Aims and objectives of the thesis 
Obtaining accurate measurements of the mechanical properties of superconducting 
wires (primarily elastic modulus, yield strength and stress-strain curve) presents a 
considerable experimental challenge. The difticulties are explained in detail in 
Chapter 5, but arc mostly a result of the small diameter of superconducting wires 
(typically 0.4 to 1.5mm) and the requirement of testing at cryogenic temperatures. 
One aim of this thesis is to present an experimental method for the accurate 
measurement of the mechanical properties of superconducting wires at room 
temperature and 77 K. The method will be used to produce a comprehensive set of 
data for the mechanical properties of the particular superconducting wire investigated 
for this thesis. 
A key stage ofNb3Sn superconducting wire manufacture is the reaction heat-treatment 
process, which converts the niobium filaments into the Nb]Sn compound. This 
reaction heat-treatment process is generally optimised to obtain the best possible 
superconducting properties. The effect on the mechanical properties, however, is not 
well documented in the literature. Therefore, another aim is to investigate the effect of 
the heat-treatment process on the mechanical properties. The heat-treatment process 
also causes the dimensions of superconducting wires to change. These dimensional 
changes will affect the stresses acting on the wires as the heat-treatment process 
3 
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generally takes place after the \vire is wound onto the magnet fonner. Another aim or 
the thesis is investigate the effect of the heat-treatment on wire dimensions. 
Modelling techniques are often used in the design and development of 
superconducting magnets and superconducting wires. There is considerable ditliculty 
in producing accurate models, however. One problem is that there is uncertainty about 
the material properties of the constituent materials. This is partly because it is 
necessary to know the properties over a wide temperature range, from the heat-
treatment temperature of around 1000 K down to the magnet operating temperature of 
4 K. Materials data over such a temperature range is generally very scarce. Also, the 
geometric constraints of the wire structure, which limits the grain size, and the 
extensive drawing operations of the manufacturing process mean that the constituent 
materials may not exist in the same form outside of the composite wire. Material 
testing is therefore very difficult. Another modelling problem is the complexity of the 
structure of the multi-filamentary composite wires. It is common for the number of 
filaments within wires to be tens of thousands or even more. To produce a finite 
element mesh to accurately represent such geometries would require such large 
numbers of elements that computational run times would be far beyond anything 
practical. Another problem has been the lack of reliable experimental data of 
mechanical properties with which to validate models. An aim of this thesis is to 
develop a finite element model of a superconducting wire and to validate it against the 
experimental measurements. 
4 
Chapter 1 Introduction 
1.3 Outline of thesis 
The thesis is divided into 8 chapters. the contents of which can be summarised as 
follows: 
Chapter 2 presents background on the subject matter of the research and a detailed 
literature review. The background section begins with the discovery of 
superconductivity and the development of practical superconductors and goes on to 
describe the fabrication of Nb3Sn multi-filamentary composite superconductors and 
the various applications of superconducting magnets. The literature review begins 
with the discovery that stress-strain state of Nb3Sn superconductors has a significant 
influence on their superconducting properties. The influence on the superconducting 
properties of the thermal residual strain of the Nb)Sn filaments resulting from cooling 
superconducting wires down from the heat-treatment temperature was another subject 
surveyed. Tensile testing methods and results were also subjects reviewed, as were the 
composition and material properties of the constituent materials. Finally, a detailed 
review of modelling of the mechanical properties of superconductors is presented. 
Chapter 3 explains the reaction heat-treatment process and describes the apparatus and 
method used to heat-treat superconducting wire specimens used in the experimental 
part of the research. The range of different heat-treatments carried out is also detailed. 
Chapter 4 is concerned with the dimensional changes in superconducting wIres 
resulting from the reaction heat-treatment process. The causes and effects of these 
dimensional changes are discussed, the measurement methods are described and the 
results are presented. 
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Chapter 5 describes some of the problems associated with tensile testing 
superconducting wires as well as the apparatus and method used in this research. The 
data analysis techniques used are also described. The room temperature and 77 K 
tensile test results for wire specimens given a range of ditJerent heat-treatments are 
then presented and discussed. The effect of the strain rate used in the tensile tests and 
the effect of the cooling rate at the end of the heat-treatment process are also 
investigated in this chapter. 
Chapter 6 presents the finite element modelling work undertaken to model the 
mechanical properties of the superconducting wire. A large part of the chapter is 
devoted to presenting the properties of the constituent materials used in the model and 
their sources. Where there are uncertainties about the material properties, these are 
discussed. The results of the F. E. modelling are presented and compared with the 
experimental results. The sensitivity of the model to the main uncet1ainties is 
investigated. Finally, the model is used to predict the thermal residual stresses in the 
constituent materials and to evaluate the evolution of stresses within them as axial 
strain is applied to the wire. 
Chapter 7 describes a novel experimental method to measure thermal residual stresses, 
properties of the constituent materials and to provide more experimental data with 
which to validate the F. E. model presented in Chapter 6. The method involves etching 
concentric layers of material from the outside of superconducting wire specimens, 
measuring the axial strain that results from a redistribution of residual stresses and 
measuring the change in stress-strain behaviour. The experimental results are 
compared to those predicted by the F. E. model and the implications are discussed. 
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hapter 8 presents the major fmdings of the thesis and also gives recommendation 
for future work. 
1.4 Superconducting wire u ed in this research 
All the experimental measurements for this research project were made on amples 
from a single spool of one particular superconducting wire. This wire was supplied by 
Oxford Instrum nt the indu trial sponsors of the project. It had been developed as a 
high field conductor and was a twisted multi-filan1entary Nb3Sn composite wire 
manufactured by the bronze-route process. The cross-section of the wire is shown in 
Figure 1.1 and details of the wire are given in Table 1.1. The volume fractions have 
been calculated u ing dimensions measured from images of the cro -section viewed 
under a microscope. The diameter to outside of barrier was 0.49mm, thickness of 
barrier was O.013mm, a erage effective filament diameter was O.0039mm pre-reaction 
and O.0047mm post-r action (h at-tr atment as recommended by wire manufacturer) 
and the wire diameter was 1.Smm. 
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The wire has 22866 niobium filaments of about O.OOSmm diameter that are arranged 
in 618 bundles within a bronze matrix (Cu-13wt%Sn). The niobium contains a small 
amount of titanium (Nb-I \\<1% Ti). The titanium is added because it increases the 
growth rate of Nb3Sn during the heat-treatment and because it improves the 
superconducting properties (Wada 1995). The bronze matrix is separated from the 
central core of copper by a double diffusion barrier layer consisting of niobium and 
tantalum. 
Diameter I.S mm 
Twist pitch 3cm 
Volume fraction of copper 9.6% 
Volume fraction of barrier 1.1 % 
Volume fraction of filamentary Nb (pre-reaction) IS.5 % 
Volume fraction ofNb3Sn (post-reaction) 22.5% 
Volume fraction of bronze (pre-reaction) 73.9% 
Volume fraction of bronze (post-reaction) 66.9% 
Ratio of filamentary Nb to Bronze 1 : 4.8 
Ratio of copper to Nb3Sn (post-reaction) 1 : 2.3 
Tin content in bronze (pre-reaction) 13 wt.% 
Table 1.1 Superconducting wire specification 
Chapter 2 Background (lnd literature review 
CHAPTER 2 
Background and literature review 
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2.1 Introduction 
This chapter gives some background to the research by describing the maJor 
developments from a historical perspective. Previous work pertaining to the 
mechanical properties of Nb3Sn superconducting wIre that has been puhlished hy 
other researchers is reviewed in the literature review. 
2.2 Background 
2.2.1 Discovery of superconductivity 
When an electric current flows through a substance there is normally a resistance to 
the flow that gives rise to a voltage drop. The higher the resistance, the higher the 
voltage drop. This resistance causes electrical energy to be lost and heat to be 
generated in the substance. In 1911, while investigating the resistance of mercury at 
low temperatures, the phenomenon known as superconductivity was first discovered 
by Kammerlingh Onnes. He found that at 4 K the resistance falls to absolute zero. In a 
superconducting material, an electric current can flow with no resistance at all. There 
is no voltage drop and no energy is lost. 
2.2.2 Development of practical superconductors 
Superconductivity only occurs in a few materials and generally at very low 
temperatures. Also, it only occurs if the current density and magnetic field are below 
certain critical values. In the late 1950's and early 1960's new high-field 
superconducting alloys were discovered. These were made into practical 
superconductors with the development of new manufacturing methods in the 1960's 
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and 1970's. These had substantially higher critical current densities aIllI critical fields 
than had been possible earlier. For the first time it became possible to build practical 
applications of superconductivity. One of the first superconducting materials to be 
used in practical superconductors was an alloy of niobium and titanium. This is still 
the most popular superconducting material. Another superconducting material, a 
compound of niobium and tin (Nb3Sn) was also discovered around this time. This had 
superior superconducting properties to niobium titanium, but was much more diffIcult 
to make into practical superconductors because it is very brittle. Despite this, practical 
Nb3Sn superconductors were soon produced and remain the most common 
superconductors used in middle and high field strength magnets. 
In 1986, so called high temperature superconductors were discovered. Before then it 
was believed that superconductivity above 30K was impossible. Since then many 
more high temperature superconductors have been developed and although none of 
them are superconducting at room temperature, several are at liquid nitrogen 
temperature (-196°C). These superconductors can therefore operate when cooled with 
liquid nitrogen rather than liquid helium, which is required for niobium titanium and 
Nb3Sn superconductors. Although the high temperature superconductors show great 
promise and are now being used in many applications, niobium titanium and Nb3Sn 
remain the most commonly used superconductors. 
2.2.3 Fabrication of NbJSn superconductors 
Although Nb3Sn superconductors are made in other fonns, such as tapes, the usual 
construction is in the fonn of twisted multi-filamentary composite wires. Fine 
filaments of Nb3Sn are embedded in a matrix material of copper-tin alloy or bronze. 
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The filaments need to be fine. often around 0.005mm diameter. for optimum 
superconducting perfomlance. The wires are twisted during manufacture so that the 
filaments form a spiral along the wire. This is also to optimise superconducting 
performance. The wires also contain copper that is separated from the matrix material 
by a thin barrier layer of niobium or tantalum. The copper provides protection from 
quenching. Quenching occurs when a local instability causes part of the wire to cease 
being superconducting and become resistive to the current. The heat generated by 
normal resistive conductivity spreads causing even more of the wire to cease being 
superconducting. The process then spreads to the whole magnet. The copper provides 
protection by having a low resistance for normal conductivity and so minimises the 
amount of heat produced. It is also a good conductor of heat and so quickly dissipates 
any local temperature rises. The barrier material prevents tin from the matrix diffusing 
into the copper during heat-treatment, which would raise its resistance and therefore 
its ability to protect against quenching. 
Multi-filamentary Nb3Sn composite wIres were first made in the 1970's after the 
bronze-route manufacturing process was invented. A good review of manufacturing 
processes is given in Suenaga et al (1981). In the bronze-route process, rods of pure 
niobium are inserted into a billet of bronze. The stabilising copper is added either into 
the centre of the bronze billet or around the outside and is separated from the bronze 
with a barrier layer usually of niobium or tantalum. The whole assembly is then 
extruded and drawn down to form the wire. To obtain very large numbers of 
filaments, the process often involves restacking after partially drawing down the 
original billet assembly. Heat-treatments are required in between drawing operations 
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to anneal the bronze. A final high temperature heat-treatment is also required to form 
the Nb3Sn compound by a solid state diffusion reaction. 
Other manufacturing methods have also been developed, the most important being the 
internal tin method. It is similar to the bronze process except the bronze is replaced by 
copper and the tin comes from a tin rich alloy of copper and tin, which is added to the 
billet usually as a central rod. This method doesn't require the intermediate anneals 
that are required in the bronze process and has the capability to produce wires with a 
higher Nb3Sn content and therefore higher critical current densities. 
2.2.4 Applications 
Almost all applications of superconductivity have been through the use of 
superconducting magnets. Two notable exceptions arc SQUIDS (Superconducting 
Quantum Interference Device) - devices for detecting very small magnetic fields, and 
superconducting power transmission lines. 
Superconducting magnets are used in a wide range of applications. The most 
widespread application is in Magnetic Resonance Imaging (MRI), which produces 
non-invasive internal images of the human body. MRI machines are now common 
place in hospitals. 
Another application that uses similar technology to MRI is Nuclear Magnetic 
Resonance (NMR) machines. These are used in research establishments for the 
analysis of molecular structure. One area in which NMR machines are extensively 
used is in the development of new drugs. 
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Particle accelerators, such as the Large Hadron Collider (LHC) at CERN, make 
extensive use of superconducting magnets. They are used to accelerate particles to 
extremely high speeds, to contain the beam and to analyse the particles that are 
created when the beams collide. 
Nuclear fusion reactors, such as those at Culham and the International Thennonuclear 
Experimental Reactor (ITER) being built in France, use superconducting magnets in 
the form of a toroidal ring to contain extremely hot plasma. If nuclear fusion can be 
controlled sufficiently to generate energy continuously, as opposed to only the short 
bursts that has currently been possible, the world will have an energy source that is 
virtually free, inexhaustible and pollution free. 
Magnetic levitation trains use superconducting magnets to lift the train up off of the 
guideway as well as to propel them along. Only a few maglev trains have been built to 
date, most notably in Japan. They can operate at very high speeds, potentially much 
faster than nonnal trains, but the cost of building the guideways is very high and the 
strong magnetic fields can present a health risk (there is a serious risk for people with 
pace-makers, for example). 
Superconducting magnets are also used 111 electric generators, energy storage and 
electric motors. 
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2.3 Literature review 
2.3.1 Effect of stress and strain on superconducting properties 
The mechanical properties of superconductors only became a topic of any real interest 
when Ekin (1976) discovered that stress has a significant effect on the critical current 
ofNb3Sn multi-filamentary composite wire. Larbalestier et al. (1977) reported similar 
findings, albeit with the critical current degradation beginning at higher stresses and 
strains. They also showed that the degradation is completely recoverable up to a 
certain amount of strain. Beyond that strain, some degradation is pernmnent on the 
removal of the applied strain. Four papers, Ekin (1979), Rupp (1979), Luhman et al. 
(1979) and Easton and Kroeger (1979) that were published in the same journal, 
showed that the critical current actually increases with applied axial tensile strain 
before reaching a maximum and decreasing with further increases in strain. The tern1 
intrinsic strain was coined to mean the applied axial strain relative to the strain at 
which the maximum critical current occurs. The applied strain for maximum critical 
current was shown to be equal to the calculated residual compressive strain of the 
Nb3Sn filaments, also referred to as the pre-strain in some of the literature. The 
maximum critical current was therefore concluded to occur at an applied tensile strain 
that cancelled out the residual compressive strain, resulting in a zero axial stress in the 
filaments. Rupp and Easton/Kroeger showed that the pre-strain decreases with 
increasing reaction (heat-treatment) time and increasing Nb3Sn content. Ekin showed 
that the pre-strain was very different for wires manufactured by different methods. 
Luhman et al. showed how the pre-strain was related to the bronze/niobium ratio of 
the wire. They also presented SEM and optical observations of cracks in the Nb3Sn 
filaments. Permanent degradation in critical current corresponded with the onset of 
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cracking. Ekin (1980) introduced his scaling law for predicting the effect of strain on 
the critical current in a wide range of superconductors including Nb3Sn and Nb-Ti. 
An explanation for the high sensitivity of the critical current of Nb3Sn 
superconductors to stress was given by FlOkiger et al. (1981). They used low 
temperature X-ray diffraction to show that the Nb3Sn in multi-filamentary composite 
wires undergoes a stress induced cubic-tetragonal phase transformation. They 
suggested that stress affects the volume fraction and the cia ratio (shape of unit cell) of 
the tetragonal phase and that this was the cause of the critical current dependence. 
Goldacker and Flukiger (1984) later revised that theory by showing that the volume 
fraction of the tetragonal phase was small and could therefore only be of secondary 
importance. They, as well as Roberge et al. (1985), presented evidence to conclude 
that the probable cause of the strain effect is the distortion of the cubic phase. 
The effect of transverse stress on the critical current was first reported by Ekin (1987) 
and expanded on by Ekin et al. (1991). The effect was found to be approximately 7 
times greater than the effect of axial stress. In Ekin (1995) bending strain was also 
shown to cause critical current degradation. This has importance because wires have 
to be bent when wound to form a magnet coil. Katagiri et al. (1996) investigated the 
effects of axial tensile strain and compressive transverse stress on high strength NbJSn 
superconducting wires. These wires were developed to try to Improve 
superconducting performance in high stress conditions. The conclusion was that high 
critical current density and strength is practical by using a cupper-niobium alloy 
instead of pure copper as the stabilising material. The strain dependence was very 
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similar for the high strength and nOnl1al wires, but the critical current degradation was 
less for the high strength wires. 
Markiewicz (2004) in two papers presents an elastic stiffness model to predict the 
strain dependence of the critical temperature of Nb3Sn. The model uses the elastic 
constants for the cubic crystal structure. The results agree well with experiment 
suggesting that the strain dependence can be explained by the behaviour of the cubic 
crystal structure under strain, thus confirming the conclusions of Goldacker and 
Fliikiger (1984) and Roberge et al. (1985). Fliikiger ct al. (2005) revisited earlier 
neutron and x-ray diffraction measurements and concluded that the asymmetry of the 
relationship between critical current and applied strain is connected to the asymmetric 
change in the 3D stress distribution in the filaments, which is responsible for the 
elastic tetragonal distortion. 
Nishijima et al. (2005) investigated the effect of transverse compressive stress on 
Nb)Sn superconducting wires reinforced by Cu-NbTi. It was shown that the Cu-NbTi 
provided reinforcement in the transverse as well as axial directions. It was also sho\\iTI 
that the location of the Cu-NbTi reinforcement had a significant effect on its 
effectiveness. If the reinforcement is located in the centre of the wire, there is less 
deterioration in superconducting properties than if it is located around the outer part of 
the wire. 
2.3.2 Thermal residual stresses 
In the papers that first reported that superconducting properties improve with applied 
axial tensile strain before reaching a maximum and decreasing with further increases 
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In strain, it was suggested that the effect correlated with the strain In the Nb3Sn 
filaments. In cooling from the heat-treatment temperature to the operating temperature 
of 4 K, axial thernlal residual compressive stresses are produced w·ithin the Nb3Sn 
filaments. This is because of differences in the thermal expansion coefficients between 
the Nb3Sn and the bronze and copper. It was suggested that the superconducting 
properties reach a maximum when the applied axial strain cancels out the compressive 
residual strain. Easton et al. (1980) presented an analytical method to predict the axial 
thermal residual stresses and stress-strain curves ofNb3Sn composite superconductors. 
The method only requires knowledge of the volume fractions and material properties 
of the constituent materials. The agreement between predicted and measured stress-
strain curves is good. Watanabe et a1. (1995) used the same method to calculate the 
residual strain in the Nb3Sn filaments in Cu-Nb reinforced superconducting wires. 
This agreed well with the experimental measurements of the applied tensile strain 
required to maximise the critical current. 
Hoard et a1. (1980) calculated the 3 dimensional strain in Nb3Sn filaments due to the 
thermal contraction and applied axial strain, and showed them to correlate well with 
results of critical current variation with strain. The strains were calculated using a 
computer progranl that solves the equations for a cylinder representing a single 
filament surrounded by its share of the matrix material. Lanteigne et al. (1981) used 
finite element modelling to try to explain the improved resistance to strain of in situ 
Nb3Sn multifilamentary composites. The in situ wire fabrication method is an 
alternative to the bronze-route or internal tin method and produces short, non-
continuous, very fine axially aligned filaments. The modelling was rudimentary and 
some of the assumptions about the material properties were inaccurate. The improved 
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resistance to strain was not explained by the model, however a hardening etIect on the 
bronze matrix caused by the fine filament spacing was proffered as an explanation. A 
number of papers including Rupp (1981), Ochiai and Osamura (1992) and Awaji et al. 
(2005) investigated ways of modifying the residual stresses. Rupp showed how the 
residual strain is reduced following a loading cycle, but that it can be partially restored 
by reheating the wire to room temperature. Ochiai and Osamura showed how the 
critical current at 4 K is affected by applying eyclie loading at room temperature. 
Awaji et al. investigated how prebending treatments at room temperature affect the 
residual stress and the variation in superconducting properties with applied strain. 
The finite element method was used by Murase et al. (2003) to calculate the 3 
dimensional thermal residual strains. The model is much more realistic than that 
presented by Lanteigne et al. (1981). Although the results are not verified by 
experiment, they do show that the non-axial strains are significant and cannot be 
ignored. The thermal residual stress in the stabilising copper of a Nb3Sn composite 
wire was investigated by Hojo et al. (2004). The copper, which was located around the 
outside of the wire, was removed by etching with nitric acid. A stress-strain curve for 
the copper layer was obtained by comparing the stress-strain curves of the wire before 
and after removing the copper. The analysis, however, only considers axial stresses, 
i.e. it assumes that radial stresses and hoop stresses are zero. The method also required 
the change in length of the wire caused by the removal of the copper. However, this 
was not measured, but calculated using an assumed value for the yield stress of the 
copper. The calculated residual stress in the copper was in the plastic zone at around 
70 MPa, although for the reasons statcd above this can only be treated as a flrst order 
approximation. Ekin et al. (2005) showed that thc 0.1% to 0.2% pre-strain (the 
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residual compressive strain in the Nb3Sn filaments) of high niobium fraction 
superconductors (niobium fraction of 20% to 30%) was 100ver than the pre-strain of 
traditional bronze-route wires (niobium fraction 10% to 15%). However, by including 
dispersion-strengthened copper in the matrix, the pre-strain could be restored to the 
more normal levels of 0.2% to 0.4%, which are more practical for magnet design. 
Awaji et a1. (2006) presented the results of a neutron diffraction study of the effect of 
pre-bending treatments at room temperature. The residual strain in the Nb3Sn 
filaments was measured in the axial and lateral directions. Stress free lattice 
parameters were obtained by X-ray diffraction in the filaments after etching away the 
matrix. Lattice parameters of the filaments within the wire were obtained by neutron 
diffraction and averaging the results over a few diffraction peaks. The results were in 
agreement with calculations of the residual stress using the method first used by 
Easton et al. (1980). 
2.3.3 Tensile testing method 
A tensile testing method for Nb3Sn multi-filamentary composite WIres was first 
described by Larbalestier et al. (1977). The method involved using a servo-hydraulic 
materials testing machine equipped for testing at liquid helium temperature and clip 
on extensometers for the strain measurement. Some of the difficulties in obtaining 
accurate results were discussed, including the necessity to produce straight reacted 
samples. They achieved this by reacting samples in straight channels. The poor 
repeatability of the stress-strain curves obtained, particularly at the beginning of the 
curves (strain < is indicative of the experimental difficulty. Luhman ct al. 
(1979) used a calibrated strain gauge soldered directly onto the wire specimens to 
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measure the strain. Stress and strain were measured along with critical current in the 
apparatus used to investigate the effect of strain on the critical current. A stress-strain 
graph is shown with several hysteresis loops produced with unloading and reloading 
cycles, the stress increasing on each cycle. This graph shows an increasing slope of 
the curve during the loading cycles. This is evidence of strain measurement error, as 
the slope should decrease as plastic deformation occurs. Sakai et al. (1996) describe a 
standardised method for the tensile testing of niobium-titanium composite 
superconducting wires. Prior to standardisation, proof stress and elastic modulus 
measurements showed a lot of variation. This variation was reduced considerably by 
using the standardised method. The main feature of the method was the use of a 
specially developed lightweight extenso meter. The method used to obtain the elastic 
modulus was to measure the slope of the stress-strain curve at the linear region at the 
start of unloading cycles. This reduces the errors associated with using the loading 
parts of the curve; at the start of the loading cycles, the load is still quite low and not 
sufficient to fully straighten the wire samples. 
A tensile testing method for Nb3Sn superconducting wires at room temperature was 
presented by Katagiri et al. (2001). They used lightweight extensometers as 
recommended by Sakai et al. (1996) and also used the unloading curve to obtain a 
reliable elastic modulus. Significant variation in the stress-strain curves was found for 
low stress levels up to about 80 MPa, but beyond that the curves obtained were very 
consistent. Pre-loading the samples with 40 MPa prior to testing was shown to be 
effective in reducing the variation at low stress levels. Another method of reducing the 
variation was to fit a simple exponential fWIction to the curve excluding the variable 
initial part. This function could then be extrapolated back to determine the zero strain 
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position of the curves. Nyilas (2005) discusses strain sensmg systems tailored for 
fragile Nb3Sn composite superconducting \vires. New ultra-light extensometer were 
developed and compared to a double-extenso meter system. Both gave good results, 
but the ultra-lightweight extensometer was said to be less affected by small 
irregularities in the straightness of the wire samples. A non-contacting laser 
extensometer system was also tested, but this produced strain measurements with a lot 
of scatter. Van der Eijnden et al. (2005) present results of tensile stress-strain 
characterisation on a range of Nb3Sn wire types. The testing apparatus and method 
that was used, as well as the sample preparation, are described in some detail. The 
testing apparatus was one developed for measuring the strain dependence of the 
critical current, but it was used with no transport current through the wire specimens. 
The double-extensometer system tested by Nyilas (2005) was used for the strain 
measurement. 
Osamura et al. (2008) presented the results of tensile tests carried out by 11 research 
groups worldwide on the same batches of 6 different types ofNb3Sn multi-filamentary 
composite wire. The objective was to establish a standard best practice test method. 
The scatter of the measured values was analysed to see how the experimental 
conditions influence the determination of the physical quantities (elastic modulus, 
proof stress, etc.) The most important finding was that there was a lot of scatter in the 
initial slope of the curves caused by the low elastic limit. 
2.3.4 Mechanical properties of Nb3Sn superconducting wires 
McDougal (1975) appears to have been the first to measure the mechanical properties 
of Nb)Sn superconducting wires. The experimental procedure, however, was not 
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described. Stress-strain curves at room temperature and 4 K of several wires with 
different heat-treatments are shown, albeit on a very small graph. Stress-strain curves 
of one particular type of Nb3Sn supcrconducting wire at 4 K were published by 
Larbalestier et al. (1977). The curves showed significant variation, some of which is 
undoubtedly specimen variation, but some is also measurement error. Measurements 
of elastic modulus, proof stress and failure stress and strain were tabulated. Luhman et 
al. (1979) present a single stress-strain curve with hysteresis loops of a mono-filament 
wire at 4 K. Stress-strain curves for internal tin Nb3Sn wires were measured at 4 K by 
Cogan et al. (1983), although only two curves are shown, each for wires given 
different heat-treatments. 
Ochiai, Osamura and Uehara (1986) investigated the failure modes of bronze-route 
Nb3Sn wires under tensile stress at room temperature. The Nb3Sn filaments exhibited 
mUltiple fracturing and the strength of the Nb3Sn showed a tendency to decrease with 
increasing heat-treatment temperature and duration. In Ochiai, Uehara, Hojo and 
Osamura (1986) and Ochiai et al. (1987), the strength of the Nb3Sn was shown to be a 
function of the grain size in a Hall-Petch type relationship. Ochiai et al. (1988) and 
Ochiai et al. (1991) showed the same findings for wires that had a small amount of 
titanium added to the bronze, a practice employed to improve the superconducting 
properties. The strength of the Nb3Sn for a given grain size was found to be reduced 
by the addition of titanium, although, depending on the heat-treatment temperature, 
the titanium also affects the Nb3Sn grain size. In Ochiai et al. (1993), Ochiai et al. 
(1994) and Ochiai et al. (1995) the distribution of the Nb3Sn filament strength was 
estimated for a range of wires and heat-treatments. This was done by analysing the 
change in critical current caused by pre loading treatments at room temperature. 
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Vorobiova et al. (1996) measured the ultimate tensile strength, yield strength and 
elongation on a range of bronze-route Nb)Sn composite wires for a range of heat-
treatment durations. They show that the location of the copper stabiliser (internal or 
external) can affect the mechanical properties. A lot of their results, however, are for 
wires given short heat-treatments designed to anneal the bronze, and therefore with 
very little Nb3Sn. 
Iwaki et al. (2000) compare the mechanical properties of a high strength reinforced 
Nb3Sn composite wire with a reference wire. The reinforced wire used a Nb/Cu 
composite material as a substitute for the stabilising copper in the reference wire. 
Stress-strain curves, proof stress and rupture stress are given for room temperature and 
4 K. The reinforced wire was shown to have considerably higher proof stress and 
rupture stress. The room temperature results are the average of two tests, although the 
variation between them is not given, and only single tests were done at 4 K. The 
repeatability of the results is therefore not evident. Another version of this kind of 
reinforced wire was tested by Sakamoto et al. (2002) and by Awaji et al. (2003), but 
again only a single stress-strain graph is presented. Another type of reinforced wire 
was tested by Kondoh et al. (200 I). The reinforcement in these wires was a tantalum 
core at the centre of each Nb3Sn filament. The proof stress of these wires was 
considerably higher than even the Cu/Nb composite reinforced wires. The critical 
current was reported to be poor, however, and this was attributed to the high lateral 
residual stresses in the Nb3Sn caused by the tantalum core. The same kind of wire, but 
with a different configuration and a lower tantalum volume fraction, was tested by 
Iwaki et a1. (2002). The new configuration produced high proof stress combined with 
reasonable critical current values. Jewell et al. (2003) investigated the int1uence of 
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Nb3Sn wire geometry on filament breakage under bending strain. Four different wire 
geometries were studied including bronze-route, internal tin and powder in tube (PIT) 
wires. In all but the PIT wire, significant cracking was found with a bending strain of 
0.5%. However, at 0.6% bending strain, cracks were found in the PIT wire as well. 
NyiIas et al. (2003) report the results of tensile testing of a multi-filamentary Nb3Sn 
composite wire at room temperature and 7 K. They show the importance of 
minimising any pre-loading of the wire prior to testing. Pre-loading was shown to 
change the initial slope of the stress-strain curve by a factor of 3. 
Perhaps the most comprehensive set of stress-strain curves is presented by van den 
Eijnden et al. (2005). They tested 48 specimens in all, from 4 different wire types; 2 
bronze-route, 1 internal tin and I PIT wire. Tensile tests were carried out at 4 K, 77 K 
and 293 K and for reacted and unreacted wires. The results show some quite a lot of 
specimen to specimen variability, particularly at the start of the curves. 
2.3.5 Composition and constituent material properties 
Any calculation or model used to determine the mechanical properties of a composite 
superconducting wire requires knowledge of the composition and material properties 
of the constituent materials. Cogan et al. (1979) investigated the texturing 
(crystalograhic alignment) within the constituent materials of a number of Nb3Sn 
composite wires. They found significant texturing both before and after the reaction 
heat-treatment process. This could have a significant effect on the material properties. 
For example, the elastic modulus of copper grains differs by a factor of 3 depending 
on the orientation. The temperature and duration of the reaction heat-treatment process 
determines how much Nb3Sn is fanned and on how much tin is left in the bronze. This 
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was investigated by Tang et al. (1981) on two types of bronze-route wires. The Nb3Sn 
layer thickness and the tin content in the bronze could be expressed with power laws 
with respect to time. McDonald et al. (1983) found significant variation in the tin 
content of both the bronze matrix and the Nb3Sn tilaments in a multi-filamentary 
composite wire. It varied by a factor of about 2 within the bronze, with the highest 
levels being in the regions where there were no filaments and the lowest being in 
amongst the filaments. The tin content of the Nb3Sn varied from 20 at.% (at.% 
meaning the percentage of atoms) to the stoichiometric 25 at.%. Similar results were 
also reported by Tan et al. (2004). 
Bussiere et al. (1980) determined the Young's modulus of polycrystalline Nb3Sn 
between 4 K and 300 K, by measuring the static deflection of Nb3Sn-Nb-Nb3Sn 
composite strips. The Young's modulus of polycrystalline Nb3Sn was found to soften 
by a factor of about 2 between room temperature and 4 K, though this is not as much 
as expected by a polycrystalline average of the single crystal elastic constants, which 
soften dramatically at the martensitic transformation temperature of around 50 K. The 
room temperature value of 132 OPa for the Young's modulus, however, was close to 
the polycrystalline average of the single crystal elastic constants (137 OPa). It was 
assumed that the distribution of grain orientation in the composite strips was random. 
However, there was no evidence of this. Moreover, because rolled sheets were used in 
the preparation of the composite strips, some degree of preferred orientation was 
likely. Bussiere et al. (1981) used a vibrating reed technique to investigate the 
softening of polycrystalline Nb3Sn further. It was found that compressive residual 
strains substantially reduces the softening of the Young's modulus on cooling from 
300 K to 6 K. This indicates that elastic deformation of Nb]Sn is highly non-linear at 
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low temperatures. Bussiere et a1. (1982) used the same technique to investigate the 
effects of ternary additions on the Young's modulus ofNb3Sn. Tantalum, titanium and 
zirconium were added to the niobium that was used to form Nb}Sn. It was found that 
all three additions suppressed the martensitic phase transforn1ation that occurs at 
around 50 K. The softening of Young's modulus was also suppressed as a result. The 
Young's modulus of Nb3Sn at low temperatures was shown to be strongly dependent 
on the type and quantity of the additions. LeHuy et a1. (1983) found that hydrogen, 
which was introduced by heat-treating in hydrogen gas, has a similar effect of 
suppressing martensitic phase transformation and softening Young's modulus of 
Nb3Sn. Disorder in the crystal structure was also shown to have a similar effect in 
Snead et al. (1983). Higher degrees of disorder were introduced by irradiating samples 
with neutrons. 
Flilkiger (1982) investigated the crystal structure of Nb]Sn filaments in multi-
filamentary wires by neutron diffraction in the temperature range 4 to 800 K. Three 
different tetragonal phases were observed (denoted Tl, T2 and T3). Tl is the 
tetragonal phase that the cubic phase transforms into in stress free Nb3Sn below the 
transition temperature of 43 K. This transition is suppressed by stress and ternary 
additions, and only occurs in Nb}Sn with a composition close to stoichiometry. T2 is 
the stress induced tetragonal distortion of the cubic phase, which was observed below 
800 K. This observation provides evidence that residual stresses build up from at least 
800 K during cool-down following heat-treatment. It is unclear from the paper, 
however, how quickly the samples were cooled and this could have had a significant 
effect on how much stress relief took place. T3 is another stress induced phase that 
occurs below about 100 K and has been sho\\'11 to be di fferent from the T I phase. 
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Unlike Tl, T3 occurs over a wide range of composition of Nb3Sn, from at least 22 to 
25 at.%Sn. The structure of T3, however, had not been resolved at the time of 
publication. With the possibility of Nb3Sn being composed of 3 different phases, the 
proportions of each being strongly dependent on composition and stress, it is clear that 
obtaining accurate material property data is fraught with complexity. Goldacker and 
Flilkiger (1984) used X-ray diffraction to measure the effect of applied axial strain on 
phases T2 and T3. The T2 phase (tetraganonal distortion of cubic phase) was shown to 
undergo an elastic volume change as well as shape distortion. In contrast, the T3 phase 
shows a change in volume fraction rather than any lattice distortion. 
Poirier et al. (1984) measured the Young's modulus, shear modulus and Poisson's 
ratio of polycrystalline Nb3Sn between 4 and 300 K using an ultrasonic pulse method. 
The results for Young's modulus agree well with Bussiere et al. (1979 and 1981), but 
there is some doubt about the accuracy of the Poisson's ratio measurements because 
they don't agree with the polycrystalline average of single crystal data. Using the 
ultrasonic pulse method again, Poirier et al. (1985) showed that uniaxial stress stiffens 
both the Young's modulus and shear modulus below 90 K. This is a similar finding to 
Bussiere et al. (1981) and again suggests that the elastic stress-strain relationship is 
non-linear at low temperatures. Building on the work by Bussiere et al. (1982), 
Kumakura et al. (1985) investigated the effect of alloying additions to Nb3Sn on the 
material properties. Titanium, tantalum, zirconium and Hafnium additions all reduced 
the soitening of Young's modulus. Balankin (1988) compared theoretical calculations 
of Poisson's ratio of six compounds with A 15 type crystal structure, one being Nb3Sn, 
with experimental data. The calculation was based on the electron-phonon interaction 
constant and used no empirical parameters. The agreement was generally good, 
28 
Chapter 2 Background and literature review 
although for NbJSn the agreement is only good below about 50 K. At room 
temperature, the calculated value is 0.29 whilst the experimental value quoted is 0.2, 
although this has been taken from Poirier et al. (1984) where the accuracy of the 
measurement was said to be in doubt. The calculated values do however agree quite 
well with the polycrystalline average of single crystal data. 
Wright and Dixon (1988) measured the Young's modulus and flow stress ofNb3Sn at 
high temperatures. They found that the Young's modulus is approximately constant 
above room temperature. Bray et al. (1997) were the first to use tensile test data to 
measure the Young's modulus of Nb3Sn. The Young's modulus was obtained by 
extrapolating data obtained from niobium and NbINb3Sn tapes. The results (150 GPa 
at room temperature, 65 GPa at 4 K) are consistent with earlier data from ultrasonic, 
vibrating reed and static beam deflection measurements. Markiewicz and Goddard 
(2002) used energy dispersive X-ray spectroscopy (EDS) to measure the post-reaction 
grain size and residual tin content of the bronze in five different types of Nb)Sn 
superconducting wire. The tin content varied between 2 and 7 wt%, depending on the 
location within the wires. Grains were not elongated in any direction and their size 
was found to be dependent on the space available in the particular region of bronze. 
There was therefore a lot of variation within the wires, i.e. small grains in and around 
the filaments, larger grains elsewhere. For modelling the mechanical properties, 
knowledge of the tin content and grain size is important because they have a big 
influence on the bronze yield stress. Hojo et al. (2004) obtained the Young's modulus 
and the plastic zone part of the stress-strain curve for the copper in an externally 
stabilised Nb3Sn superconducting wire. This was done by comparing the stress-strain 
curves of wires before and after having the copper layer etched away. The Young's 
29 
Chapter 2 Background and literature review 
modulus obtained was 116 GPa, which is slightly lower than the isotropic value of 
125 GPa. This was attributed to texturing of the copper grains. The analysis only 
considered the axial direction, however, and so suffers from some inaccuracy because 
the lateral stresses are likely to be significant. Goddard et al. ((2005) studied the 
variation in filament area along the length of the wire as well as within the cross-
section. Large variations were found, although the total tilament area was found to be 
relatively uniform along the wire length. Hojo et al. (2006) made a direct 
measurement of the elastic modulus of Nb3Sn by extracting filaments from 
superconducting wire. The filaments were extracted by etching away the other 
materials with nitric and hydrofluoric acid. The filaments were then impregnated with 
epoxy resin to form a simple filament bundle composite rods. The value obtained for 
the elastic modulus was 127 GPa, although the accuracy of the measurement is 
questionable because it is dependent on the approximate measurements of the number 
of filaments in the bundles and the amount of unreacted Nb in the core of the 
filaments. 
2.3.6 Modelling of mechanical properties 
Easton et al. (1980) presented an analytical method to predict the axial thelma! 
residual stresses and stress-strain curves of NbjSn composite superconductors. The 
method only requires knowledge of the volume fractions and materia! properties of the 
constituent materials. Although non-axial stresses are ignored in the analysis, the 
agreement between predicted and measured stress-strain curves is good. More precise 
modelling than that given by their method was said to be very difficult for a number of 
reasons: Kirkendall voids at filament/matrix interface, non-uniformity of Nb]Sn layer, 
anisotropy, uncertainties in the grain size, hardening of matrix due to filaments. The 
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strain within the Nb3Sn filaments of superconducting WIfe was modelled usmg a 
computer program developed by Hoard et al. (1980). The model analysed a single 
filament surrounded by its share of the matrix material. Good agreement was found 
between the predictions of applied strain at which maximum critical current occurs 
and experimental data. 
Finite Element Modelling (FEM) was used by Murase et al. (2003) to analyse the 3 
dimensional thermal residual strains in Nb3Sn composite superconductors as well as in 
oxide high temperature superconductors. Very similar modelling was also used in 
Murase and Okamoto (2004) to analyse the 3 dimensional strain states under applied 
tensile stress for various composite conductors, including Nb3Sn composite wires. 
Models with 16 and 36 filaments within the cross-section were analysed. The model 
employed symmetry such that, for example, the 36 filament model only required a 
mesh representing a 15° sector of the wire cross-section. Some of the material 
properties used in the models were simplifications; for example, the Young's modulii 
and coefficients of thermal expansion were assumed to be independent of temperature. 
No comparison is given with experimental results, but the analyses showed that the 
radial and tangential strains are significant and depend strongly on wire structure. 
FEM was also used by Peng et al. (2005). Their analysis, however, was concerned 
with the drawing of multi-filamentary wires and the residual stresses produced. 
Mitchell (2005) used a 1 dimensional FE model to predict the mechanical properties 
of Nb3Sn superconductors. The model used strut elements joined in parallel with each 
element representing a different constituent material. The models were verified 
against experimental data for the mechanical prope11ies, although only qualitatively 
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because data on known wire configurations was not available. In an appendix, the 
paper provides a very good collection of materials data recommended for use in 
elasto-plastic finite element modelling of Nb3Sn superconducting wires. In another 
paper, Mitchell (2005) built on his earlier work by modelling the cross-section of a 
Nb3Sn superconducting wire with a 3D finite element mesh, similar to that used by 
Murase et al. (2003). Mitchell used element birth and death options to simulate the 
effects of the reaction heat-treatment; annealing, stress-relief, tin depletion in bronze, 
swelling and property changes associated with Nb3Sn formation. Variations in the 
basic model were used to investigate differences between bronze-route and intemal tin 
wires. A steel jacket was also added to the outside of the mesh to simulate cabling, the 
practice of enclosing several superconducting wires in a steel conduit. The paper 
analyses the 3D stresses and strains that result from the heat-treatment temperature 
and the cool-down to 4 K as well as how they change with applied axial tensile stress. 
The results are not verified against any experimental data, hmvever. 
To model an entire superconducting coil, it is not practical to have a fine enough mesh 
to accurately represent the true structure of the composite superconducting wire. but if 
the wire can be represented as a single homogeneous material, accurate modelling of 
the strains in the wire that result from cooling the coil from the heat-treatment 
temperature down to 4 K would be possible. In 80so et al. (2005) and 80so et al. 
(2006) methods to enable Nb3Sn superconducting wire to be modelled as a single 
homogeneous material are explored. 
Farinon et al. (2007) used FEM to evaluate the etl'ect of deformation caused by 
cabling, the process where several superconducting wires are enclosed in an outer 
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nonnally stainless steel jacket or conduit. To simulate cabling, an initially round wire 
is flattened in the model to an approximately rectangular shape. The model revealed 
areas of high elongation relative to elongation at fracture and therefore areas where 
breakages could occur. The 20 model used the plane strain assumption, where the 
axial strain is assumed to be zero. Although it was conceded that plane strain would 
give inaccurate results, the results were compared with those obtained when the 
generalised plane strain assumption was applied instead. Generalised plane strain is 
where the axial strain is finite but unifonn across the cross-section. This would be the 
correct assumption to make, but the results were not sufficiently different from those 
obtained with the plane strain option to justify the much longer times required for the 
computer to run the analyses. Alsharo'a et al. (2008) used similar modelling 
techniques in the optimisation of Nb3Sn superconducting wires used in cables. Sub-
element (filaments bundle) shape, number of sub-elements and the spacing between 
sub-elements were investigated. Results were verified with experiment by visually 
comparing the FE results of the defonned shape with microscope images taken of 
defonned wire cross-sections. 
Zanino et a!. (2008) produced a 3 dimensional F.E. model representing a 5mm length 
of a Nb3Sn superconducting wire in order to investigate the critical current 
degradation caused by bending that can occur inside cabled conductors. To verify the 
model, the residual strain in the Nb3Sn filaments was compared to the applied axial 
strain at which maximum critical current occurred. A possible explanation for the 
significant discrepancy was suggested as being uncertainties in thermal expansion 
properties. However, the modelling did not allow for any stress relief during the cool-
down after heat-treatment. This would also provide an explanation for the 
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discrepancy. Results of axial tensile tests were also compared with experimental data. 
A reasonable match was achieved by assuming a tin content in the bronze of I \\-1.% 
(percentage by weight), however. this is considerably lower than has been reported by 
Markiewicz and Goddard (2002). They measured the tin content to be between 2 and 
7 wt.% depending on the location within the wire. 
Ahoranta et al. (2008) proposed simple methods for dealing with two of the common 
problems associated with modelling Nb3Sn superconducting wires. The tirst problem 
is how to model the large numbers of filaments with sufficient detail and keep the 
computer run time down to reasonable levels. In the paper, it is stated that the 
homogenisation approach as reported by Boso et al. (2005 and 2006) may not 
adequately describe the complex behaviour. The approach suggested by Ahoranta et 
al. is based on dividing the problem into auxiliary models, which focus on finding an 
accurate solution for one region within the cross-section at a time. The mesh in the 
auxiliary models is detailed in a small region, for example, a filament bundle, but the 
geometry is simplified in the rest of the model. The overall picture of the wire 
behaviour is obtained when the results of the different auxiliary models are combined, 
although how this is done is not explained. The second problem is how to model the 
stress relief and annealing that occurs at the high temperatures during heat-treatment. 
The method proposed by Ahoranta et al. is to start the analysis at the heat-treatment 
temperature, at which the wire is assumed to be stress-free. As the wire is cooled, 
deviatoric stresses in the copper and bronze are forced to zero, as if stress relaxation 
was infinitely fast. Below a certain temperature, somewhere between the heat-
treatment temperature and room temperature, thermal stresses are allowed to develop 
with no relaxation. By using a limit temperature for stress relaxation of 450 - 500 K a 
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match was obtained between the axial thcm1al residual strain in the Nb3Sn filaments 
and the experimentally determined axial strain at which maximum critical current 
occurred. The stress-strain curve predicted by the model is compared with experiment 
and a good match is obtained up to 0.5% strain. However, the slopes of the curves 
seem to be diverting at 0.5% strain suggesting that the match is not so good at higher 
strains. 
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CHAPTER 3 
Heat-treatment of superconducting wires 
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3.1 Introduction 
The mechanical properties that were investigated for this thesis were those of a 
particular multi-filamentary Nb3Sn composite superconducting wire manufactured by 
the bronze route method. This wire requires heat-treatment to fonn the 
superconducting Nb3Sn compound. The heat-treatment process and its efrect on the 
composition, dimensions and residual stresses are described in this chapter. Special 
apparatus had to be designed and built in order to calTY out the inert atmosphere heat-
treatments on wire samples. This apparatus and the heat-treatment procedure are also 
presented here. Finally, the different heat-treatments that were given to different 
batches of wire samples are described. 
3.2 The heat-treatment process 
The two most common manufacturing methods of making superconducting wires 
containing Nb3Sn, namely the bronze route and the internal tin method, require a heat-
treatment process. The wires arc manufactured using pure niobium, which gets 
converted into Nb3Sn during the heat-treatment by a diffusion reaction process. Tin 
(Sn) diffuses from the tin sources in the wire into the niobium (Nb) filaments where it 
reacts with the niobium to form the Nb3Sn compound. In the case of bronze-route 
wires, tin diffuses out of the bronze matrix (bronze being an alloy of copper and tin). 
In the case of internal tin wires, the tin comes from pure tin (or tin rich alloy) 
reservoirs within the wire. A Nb3Sn layer grows at the interiace between the niobium 
and the diffusing tin. As the heat-treatment proceeds, the layer gets thicker until all the 
niobium has been converted or until the reaction effectively stops due to a deficiency 
of tin at the interface. 
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The optimum heat-treatment regime varies depending on the precise composition of 
the wire. Often there are two stages or more. It is during the final stage. which is 
carried out at the highest temperature, that the majority of the Nb3Sn is formed. For 
bronze route wires, the earlier stages, which are carried out at lower temperatures, 
have the purpose of seeding small Nb3Sn grains (Scheib 1981, Taillard et al. 1997). 
This has the effect of producing a grain size at the end of the heat-treatment regime 
that is smaller than it is for a heat-treatment where the low temperature stages are 
omitted. For internal tin wires, the earlier stages prevent the tin sources from melting 
(Naus et al. 2000). The temperature at which these heat-treatment stages are carried 
out is below the melting point of tin. During these low temperature stages, different 
phases of copper-tin form as tin diffuses into the copper matrix. The temperature of 
the final stage is high enough to melt tin, but not the copper-tin phases that are formed 
during the low temperature stages. Melting is to be avoided because the tilaments can 
move within the liquid phase causing them to coalesce. The superconducting 
properties are seriously affected if this occurs. 
The optimum temperature for the tinal stage of the heat-treatment, in which most of 
the Nb3Sn is formed, is a compromise between obtaining a fast reaction and 
minimising the final grain size of the Nb3Sn (Schauer and Scheib 1981, Bruzek et al. 
1997). The higher the temperature, the faster the reaction takes place. The duration of 
the heat-treatment can be several days or even weeks, so a fast reaction rate is 
desirable to minimise production time. However, a higher temperature also results in a 
larger Nb3Sn grain size and the larger the grain size, the worse the superconducting 
properties (West and Rawlings 1977, Tang et al. 1981). This is because the grain 
boundaries act as pinning centres for magnetic flux and the greater the pinning t<wce 
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the higher the critical current (Scanlon et aI. 1975). In practice. the temperature of the 
final heat-treatment stage is around 650°C to 750°C. 
The optimum duration of the heat-treatment is also a compromise (Hense et al. 2003). 
Unless all of the niobium in the filaments has been converted to Nb3Sn, increasing the 
duration will produce more Nb3Sn within the wire. Another positive effect of 
increasing the duration is that the Nb3Sn composition gets closer to stoichiometry 
(Larbalestier et a1. 1975, Tang et a1. 1981, Fillunger et a1. 2002). Nb3Sn has a distinct 
chemical composition, 3 atoms of niobium to 1 of tin, i.e. 25% tin. However, the 
crystal structure is not perfect and so the actual composition may be slightly different. 
In practice, when the Nb3Sn first forms the composition is deficient in tin at around 
18%. As the reaction proceeds the tin content generally increases up to a maximum 
close to the stoichiometric 25%. The tin content has an effect on the superconducting 
properties of the Nb3Sn, the closer it is to stoichiometry the better the properties. On 
the negative side, the size of the Nb3Sn grains increases with increasing heat-treatment 
duration (West and Rawlings 1977, Tang et a1. 1981, Fillunger et a1. 2002). Thus, the 
optimum duration is that at which the positive effects of more Nb3Sn being formed 
and a closer to stoichiometry composition are outweighed by the negative effect of 
increasing Nb3Sn grain size. Generally, the larger the filament size the greater the 
heat-treatment duration that is required. This is because tin has to diffuse through the 
Nb3Sn layer, which has formed around the outside of the filaments, betore new Nb3Sn 
can be formed at the niobiumlNb3Sn interface. In practice. the duration of the final 
heat-treatment stage is anything from a few hours to several days. 
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For superconducting magnets containing Nb3Sn wires, the heat-treatment process is 
normally carried out after the wire has been wound onto the coil. This is refereed to as 
the "wind and react" process. Alternatively, there is the "react and wind" process 
where the wire is heat-treated prior to winding onto the coil. The "wind and react" 
process is the more common because the reacted wire is very brittle and can easily be 
damaged during winding. 
To prevent the surfaces of the wires from oxidising, the heat-treatment must be carried 
out in a vacuum or an inert atmosphere. At the heat-treatment temperature, the surface 
material of bronze or copper readily oxidises in the presence of oxygen or CO2 and 
because the heat-treatment duration is so long, the oxidation is severe unless steps are 
taken to dramatically reduce the levels of these gases. Most supcrconducting magnet 
coils of the Nb3Sn "wind and react" kind are heat-treated in a vacuum furnace with a 
vacuum of around 10.9 bar. 
3.3 Heat-treatment apparatus 
To investigate how the mechanical properties are affected by the heat-treatment it was 
necessary to prepare wire samples for tensile testing. These were cut from the spool of 
wire supplied by Oxford Instruments Superconductivity. The spool of wire was in a 
pre-reacted condition and therefore it was necessary to heat-treat the wire samples to 
convert the niobium filaments into Nb]Sn. Another requirement was to produce 
straight wire samples. This was because bent samples would fracture prematurely 
during tensile testing due to high bending strains as they straighten out. Also, strain 
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measurement by extensometers, the method used in this research, will produce en-ors 
with bent samples. 
Initially it was intended that the inert atmosphere heat-treatment apparatus already in 
possession of the Department would be used, a vacuum furnace not being available. 
The apparatus in question was the Snijstaal gas grid system for a Nabertherm furnace. 
This consists of a steel bag 300 x 150 x 100mm in size that is fitted onto a supporting 
frame. The end of the bag fits over a tapered plug through which inert gas is fed. The 
inert gas is distributed throughout the bag by means of a feed pipe with several bleed 
holes. The outlet for the gas is through the gap between the end of the bag and the 
tapered plug. A schematic is shown in Figure 3.1. 
Steel bag 
Heat-treatment 
compartment 
Tapered plug 
Inletpipe ==:> 
for inert gas D ________ ...J 
Figure 3.1 Snijstaal gas grid system for inert atmosphere heat-treatment 
It was not possible, however, to obtain oxidation free Wlre samples using this 
apparatus. It was felt that the main problem was oxygen getting into the heat-treatment 
compartment between the plug and the end of the bag. The severity of oxidation was 
reduced by increasing the flow rate of the inert gas (argon), but even at a high flow 
rate of 10 litres/min it was unacceptable. Maintaining a flow rate of 10 li tres/min or 
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more for the duration of the heat-treatment was impractical because of cost of the gas 
that would be used. Alternative apparatus was therefore investigated. To prevent 
oxidation, other researchers have sealed wire specimens within quartz glass tubes. 
This was not considered practical for this research because of the large numbers of 
specimens required and the lack of a glass blowing facility in the University. 
Instead, apparatus similar to the Snijstaal gas grid system was purchased. This was a 
sealed Snijstaal container, which consists of a steel box with a lid. The inlet for the 
inert gas is similar to the first apparatus, but the outlet is via a pipe positioned close to 
the top of the box. A schematic is shown in Figure 3.2. 
Sealing Lid Heat-treatment 
compound \ r--___ __ ___t'----c-o-m-p .... artment 
Outlet pipe <===:J 
for inert gas 
Inlet pipe 
for inert gas c::::::::> 
LW 
Figure 3.2 Sealed Snijstaal container for inert atmosphere heat-treatment 
With this type of apparatus sand is often used as the sealing compound, but as sand is 
very porous, a high temperature sealing cement was used to seal the lid. Applied as a 
paste, the water based compound sets hard as it dries out providing a good seal . 
Despite the use of the sealing cement, there was little if any improvement over the 
sealed Snijstaal container. Oxidation was still unacceptable. 
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Copper sheets were placed in the heat-treatment compartment with the Ire ample, 
to act as getters (i.e. any oxygen present would oxidise the sheets, depl ting the 
oxygen in the compartment). This also failed to provide any improvement. It wa 
concluded that the main problem with the apparatu was that it was not pos ible to 
thoroughly purge the heat-treatment compartment because of its large volume and 
shape. It wa therefore decided to de ign and build apparatus specifically for the heat-
treatment of superconducting wires. 
The design had the following objecti e : 
• To minimi e the olume (for purgability) 
• To have no dead zones (so that all the volume would b purged) 
• To hold the wire sample straight (bent specimens would fracture prematurely 
during ten ile te ting) 
• To have good sealing (to pr vent oxygen from g tting in) 
• To fit within the department's abertherm box furnace (Figure 3.3) 
Figure 3.3 abertber-m furnace 
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The Ellingham diagram (Ellingham 1944) shown in Appendix A indicates that for 
copper not to oxidise at 700°C, the partial pressure of oxygen must be below about 
1O- 11 to 10-12 bar (as indicated by the red lines on the figure in the appendix). This 
implies that oxidation does take place during the heat-treatment in a vacuum of 10-9 
bar, i.e. standard heat-treatment of Nb3Sn superconducting coils. The rate of the 
reaction, however, must be very slow. A private communication with JeffParrell PhD, 
a senior scientist at Oxford Instruments Superconducting Technology in the USA, 
suggested that oxidation rates would be sufficiently low with an oxygen level of 5ppm 
or less in the inert gas when heat-treating at atmospheric pressure. 
A schematic of the final design is shown in Figure 3.4 and a photo of the apparatus 
prior to assembly is shown in Figure 3.5. Engineering drawings are shown in 
Appendix C. 
Thermocouple 
Small hole for 
purging of space 
around tubes 
Outlet pipe for inert gas 
Stainless steel tubes 
containing wire arnpJes 
Outer Ca ing 
Clamping screws 
and nuts 
Central part 
.---- Bottom part 
L:=======;;:========-¢::::J 
Figure 3.4 Schematic of heat-treatment apparatus 
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.' . 
. 
.. 
Figure 3.5 Heat-treatment apparatu 
The apparatus consists of 25 stainles steel tube held within a cylindrical stainless 
steel ca ing. The ample of uper onducting wire for h at-treatment are placed inside 
the tubes. The tube provide two function ; fir tly they prevent the wires from 
bending during the heat-treatment proces , which they would do if not held traight. It 
is e sential for the tensile testing that the wire samples are straight. econdly, the 
tubes pro ide an fficient means of purging the air from around the wires. Argon gas 
is fed from a gas cylinder though a copper pipe and then a stainle teel pipe that 
enters the fumace through a small access hole. The gas is fed into the bottom part of 
the apparatus and then via a small reservoir een the bottom and central part , into 
the tubes. The ga flows through the tubes and over the wire amples b fore flowing 
out at the top. There is also a small hole to allow the argon to flow from the reservoir 
directly into the main ca ity. The top of the apparatu i c ne shaped to mirumi e th 
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dead space to improve the purgability. The apparatus is stood vertically as shO\vn 
because, as argon is heavier than air. any air within it will rise to the top and exit 
through the outlet pipe. Initially a plastic gas pipe \vas used to connect the gas cylinder 
to the stainless steel inlet pipe. but it was found that oxygen was able to penneate 
through this at a sufficient rate to cause noticeable oxidation on the surface of the 
wires. No such oxidation was apparent when the plastic pipe was replaced by the 
copper one. 
Eight screws are used to clamp the bottom plate, the outer casing and the central part 
together. The mating faces need to provide a good seal to prevent air getting in. To 
produce a good seal the faces are lapped together using fine diamond lapping paste. A 
thermocouple is fitted into a tube that is sealed at the end and welded to the inside of 
the outer casing. On assembly, this tube sits amongst the other tubes that contain the 
wire specimens. The outlet pipe is fed out of the furnace and into the top of a clear 
plastic bottle containing water. The now rate of the inert gas can thus be observed as a 
stream of bubbles. A tap in the outlet pipe t:nables the gas now to be controlled. A 
pressure regulator on the gas cylinder controls the pressure within the apparatus. 
The superconducting WIre samples that were investigated for this research project 
were heat-treated using this specially designed and built apparatus. By doing so it was 
possible to produce heat-treated samples that were completely free of surface 
oxidation. The mating surfaces of the apparatus proved to provide a good seal as is 
shown in Figure 3.6. The figure shmvs the condition of two of the surtaces after the 
completion of a heat-treatment. Although some oxidation is apparent around the 
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outside, the surface close to th interior ca ity remain bright, indicating that no 
oxidation occurred and that no air was able to get in. 
Figure 3.6 1ating urfac afte r completion of a heat-treatment 
3.4 Heat-treatment procedure 
The procedure for heat-treating the superconducting wire ample can be brok n down 
into the following steps: 
i) Pr paration of, ire ample 
Approximately 500 lengths of appro imately 175mm were cut fr m the pool of wire 
supplied by Oxford In trum nt up rconductivity. These wire ample were mixed 
up to pro ide a randomised s urce [rom which sample for each heat-treatment batch 
could be taken. hi was done 0 that the variation in wire compo ition along the 
length f the po ould not influence the results when a eraged over all the wire in 
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a heat-treatment batch. It was necessary to do this because significant variation was 
observed between different parts of the spool. 25 wires were taken from the common 
supply for each heat-treatment batch. Before they were inserted into the heat-treatment 
apparatus they were carefully straightened by hand. This \vas necessary because they 
had a small curvature from the spool and would not tit in the tubes without first being 
straightened. The act of straightening the wires would have changed the material 
properties by introducing some cold work and also changing the residual stresses. It 
was considered that this change in properties would have a negligihle effect on the 
properties of the heat-treated wires because the heat-treatment would largely anneal 
the constituent materials of the w·ire and relieve the residual stresses while being held 
at the elevated temperatures. As well as being straightened, the wire samples also had 
their ends squared off. This was to aid the process of measuring the lengths of the 
wires, which was required to determine the change in length due to the heat-treatment. 
Square, or in practice slightly rounded ends, would produce more reliable change in 
length measurements than rough ends. Diffusion during the heat-treatment would tend 
to round off any sharp points and thus give misleading results of change in length. The 
ends were squared off using a grinding wheel and a hand file to remove the burrs. 
During the grinding care was taken not to heat the \vires too much. Between short 
spells of grinding, the wires were immersed in cold water to cool them. 
ii) Lapping the mating surfaces of the heat-treatment apparatus together 
Before each usc of the heat-treatment apparatus, the mating surfaces had to be lapped 
together to provide a good seal. Without a good seal there \vas the likelihood that air 
would penetrate into the heat-treatment cavity and result in oxidation on the surface of 
the wires. The lapping process was done by slowly rotating one of the parts in a lathe 
whilst holding the other part against it. Diamond lapping paste of variolls grades \vas 
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used to lap the two surfaces together. For the initial preparation of the surfaces. coarse 
grade compound was first used with tiner grades being used in stages to improve the 
surface tinish. The tinal grade \vas 0.25 micron. Betvieen each heat-treatment batch it 
was necessary to lap the mating surfaces together for a couple of minutes using the 
0.25 micron grade paste to remove the small amount of oxide that would prevent good 
sealing on reassembly. 
iii) Assembling the apparatus 
The 25 wire samples were placed inside the stainless steel tubes of the apparatus and 
the three parts were clamped together using 8 stainless steel cap head screws and nuts. 
Care was taken to tighten the scre\vs up progressively to obtain an even pressure on 
the mating surfaces. To test for leaks the apparatus could be immersed in water and 
pressurised using the argon gas supply. This was not necessary once contidence in the 
lapping process was achieved. The apparatus was placed vertically in the Nabertherm 
furnace with the outlet pipe at the top. The inlet and outlet pipes for the argon gas 
titted through a small hole by the top of the furnace door. The thermocouple wire also 
was fed through this hole. The inlet pipe was connected to the argon gas supply and 
the oulet pipe to the device for measuring the flow rate (a clear plastic bottle tilled 
with water). 
iv) Providing the inert atmosphere 
The argon gas used to provide the inert atmosphere was Zero-Grade argon supplied by 
BOC. This has a maximum level of oxygen of 2ppm. The pressure regulator on the 
cylinder was set to 1 bar. This was sufficient to provide more than enough flow rate 
for purging and high enough to ensure that the flow of gas through any slight leak in 
the apparatus would be from inside to out. To purge the air within the apparatus with 
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the inert argon gas, a high tlow rate was used for about 15 minutes. The flow rate \vas 
adjusted by using the tap on the outlet pipe. After initial purging the flow was reduced 
to a very low level (lor 2 bubbles per second). required to prevent the build up of any 
volatiles and to remove any trace levels of air. As the temperature changed during 
different stages of the heat-treatment it was neccssary to make small adjustments to 
the tap restricting the gas flow rate in order to maintain the desired flow rate. The flow 
of argon was maintained throughout the heat-treatment, including ramping up to 
temperature and cooling down. Only when the temperature had fallen below about 
lOOoe was it considered safe to tum off the flow. 
v) Heat-Treatment 
An electronic controller on the Naberthernl furnace was used to set the heat-treatment 
schedules. The temperature, the dwell time at that temperature, and the time to heat up 
to that temperature could all be programmed in. The temperature that was controlled 
was the nlrnace temperature not the actual temperature within the apparatus that was 
monitored separately. A small difference of a few degrees between the two was 
observed, so the set temperature was adjusted to give the desired temperature in the 
apparatus. The furnace controller did not allow for the cooling rate to be controlled. 
So for the cooling stage of the heat-treatment schedule the furnace was obtained by 
allowing the furnace to cool down naturally when the heating elements were switched 
off. The cooling rate was approximately 100°Clhour, a value comparable to what 
practical superconducting wires would experience during the heat-treatment of a 
magnet coil. One batch of wire samples was cooled much faster in order to investigate 
the effect. This high cooling rate was obtained by removing the heat-treatment 
apparatus from the furnace and immersing it in oil. This produced a cooling rate that 
was approximately 100 times faster than the natural cooling rate. 
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3.5 Details of different heat-treatments given to wire samples 
The wire manufacturer, Oxford Instruments, recommended that the full heat-treatment 
for the wire should be 144 hours at 570°C followed by 96 hours at 695°C, ,vith ramp 
rates of 150°C/hour. Table 3.1 shows the different heat-treatment regimes that were 
applied to batches of 25 wire samples. The batch number shows the randomised order 
in which the heat-treatments took place. The heat-treatment duration was different for 
each regime (shortest at the top of the table, longest at the bottom), but all the regimes 
followed the same temperature profile. Batches 3 and 10 were heat-treated according 
to the recommended regime (regime 8). For regime 9, the heat-treatment duration was 
longer than recommended, for all the other regimes it was as recommended or shorter. 
The cooling rate at the end of the heat-treatment was the same for all regimes, except 
regime 8a, and was the natural cooling rate of the furnace when the heating elements 
were switched off (approximately IOO°C/hour). The rapid cooling rate of regime 8a 
was obtained by immersing the heat-treatment apparatus in oil. The cooling rate was 
measured using the thermocouple inserted into the outer casing of the heat-treatment 
apparatus. The cooling curves are shown in Figure 3.7. Heat-treatment regimes 1 to 5 
would not be sufficient to achieve acceptable superconducting properties, but have 
been considered here to investigate the causes of changes in mechanical properties. 
This knowledge may help in the design of new superconducting wires and 
manufacturing methods to give improved mechanical properties. 
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Regime 
Number 
0 
2 
3 
4 
5 
6 
7 
8 
8a 
9 
800 
600 
Temperature 400 
CC) 
200 
o 
Batch Heat-Treatment 
Number Schedule 
No heat-treatment 
9 Ramp to 570"e, no dwell 
95hrs@570oe 
2 l44hrs@570"e 
7 144hrs@570"e + ramp to 695"e no dwell 
8 144hrs@570°C + 6hrs@695"C 
5 144hrs@570oe + 24hrs@695"C 
4 144hrs@570oe + 48hrs@695°C 
3 and 10 144hrs@570"e + 96hrs@695°C 
11 Same as Regime 8, hut with rapid cooling 
6 144hrs@570°C + 144hrs@695°C 
Table 3.1 Heat-treatment schedules 
- Natural cooling 
- Quenched in oil 
o 30 60 90 120 
Cooling time (minutes) 
Figure 3.7 Comparison of different cooling rates 
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CHAPTER 4 
Dimensional changes caused by 
heat-treatment 
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4.1 Introduction 
The heat-treatment given to Nb3Sn supen.:onducting wires results in signitlcant 
changes to the wire dimensions. This has important consequences for the manufacture 
of superconducting magnets. These consequences and the causes for the dimensional 
changes are discussed in this chapter. The literature on the dimensional changes is 
very scarce and the data that has been published is somewhat contradictory (Easton 
and Kroeger 1979, Cave and Weir 1983, Andreev et al. 2002, Goddard et al. 2005). 
Experimental data was obtained for this thesis by measuring the length and volume of 
wires before and after each of the heat-treatments detailed in Chapter 3. With a simple 
calculation, the wire diameter was also obtained. For each heat-treated batch, the size 
of the Nb/ Nb3Sn filaments was also measured. (The weights of the wires were also 
measured before and after heat-treatment, but no change was found within the 
measurement accuracy of ±0.15%). The measurement methods are described in detail 
and the results presented. Finally, the implications of the results are discussed. Some 
of the content of this chapter has been published previously in Harvey et a1. (2005) 
and Harvey et a1. (2006). 
4.2 Causes of dimensional changes 
During the heat-treatment, the niobium within the filaments is slowly converted into 
Nb3Sn. The change in volume associated with the conversion is approximately 37% 
(Cave and Weir 1983). However, this increase in volume is counteracted by a 
decrease in volume of the bronze caused by the depletion of the tin as it diftllscs into 
the filaments to form the Nb3Sn. It is the combination of these two effects that 
determines the overall change in volume. 
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Another mechanism that influences the change in dimensions is creep. Creep is slow 
deformation that occurs at stresses below the yield stress. The rate of the creep 
deformation depends on the temperature as well as the magnitude of the stress. The 
higher the temperature, the higher the creep rate. For metals, the creep rate is 
negligible when the temperature is below about 0.3 to 0.4 of the melting point (Ashby 
and Jones 1980). This approximate creep threshold temperature for the constituent 
materials of the superconducting wire investigated is given in Table 4.1. 
Material 
Copper 
Tin 
Niobium 
Nb3Sn 
Tantalum 
0.3 to 0.4 of Melting Point (DC) 
134 to 269 
-121 to -71 
552 to 827 
349 to 556 
714 to 1043 
Table 4.1 Approximate creep threshold temperatures 
Residual stresses exist within the wue prior to heat-treatment as a result of the 
drawing process during manufacture (Peng et al. 2005). Thermal stresses caused by 
differences in the thermal expansion coefficients of the different constituent materials 
within the wire, add to the residual stresses as the temperature rises during the heat-
treatment. Creep, primarily of the bronze matrix, during the heat-treatment almost 
certainly results in these stresses being relieved, at least partially. During the cool 
down at the end of the heat-treatment, residual stresses are again developed as a result 
of differences in the thermal contraction coefficients (Luhman et al. 1979, Goldaeker 
and Flilkiger 1985). Creep will partially relieve these stresses, at least while the 
temperature is high. The dimensions of the heat-treated wires arc thus intluenced by 
the creep strains and the residual strains associated with the residual stresses. 
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Another factor that could potentially have a significant effect on the dimensions is the 
possible fom1ation of voids within the wire. It has been shown (Easton and Kroeger 
1979)) that Kirkendall voids can form during the heat-treatment. These voids are 
created as the tin in the matrix diffuses into the niobium and will obviously cause a 
significant increase in volume. 
4.3 Consequences of dimensional changes 
Superconducting magnets using Nb3Sn wire are usually manufactured using the "wind 
and react" process. The superconducting wire is wound onto a former prior to heat-
treating. Changes in the dimensions of the wire during the heat-treatment and cool-
down clearly have an effect on the stresses acting on the wire. No information about 
this, however, could be found in the literature. Consideration of the consequences is 
felt to be important and so some consideration is given here, although it is conjecture 
and not supported by any direct scientific evidence. 
One possible consequence of dimensional changes in the wire is that the wire could 
become loose. Magnet quenches can be initiated if the superconducting wires are able 
to move during magnet operation. (Quenches occur when a part of the coil undergoes 
a superconducting to normal-conducting transition. The resistive heat that is generated 
causes more of the coil to become normal-conducting generating morc heat until the 
whole magnet becomes normal-conducting). Coils are impregnated with resin aftcr the 
heat-treatment process in order to prevent the wire from moving during magnct 
operation. It would still be desirable, however, to prevent the wires becoming loose 
during the heat-treatment to maintain the position and alignmcnt of the strands. 
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The winding tension produces a tightly wound coil, with axial tensile and transverse 
compressive forces acting on the wire. The heat-treatment will affect these stresses in 
a complex way. Initially, the stresses will be affected by the relative expansion rates of 
the former onto which the wire is wound and the wire itself. This will depend on the 
thermal expansion coefficients of the former material and the wire and also on the 
thermal conductivity and ramp rate. 
During Nb3Sn formation, changes to the wire dimensions will affect the axial and 
transverse stresses acting on the wire. An increase in wire diameter will act to increase 
the transverse stresses between adjacent contacting wires. Conversely, a reduction in 
wire diameter will reduce the contact stresses, possibly causing the wire to become 
loose. An increase in stress-free wire length (length with no applied stresses) will act 
to reduce the axial tension, possibly causing the wire to become loose. Conversely, a 
reduction in wire length will act to increase the axial tension. An increase in wire 
diameter could also push the strands further apart causing an increase in axial tension, 
particularly in the strands near the outside of the coil. However, the strands probably 
do not get pushed apart very much because this would mean that the outside diameter 
of the coil would increase and the axial strain in the strand on the outside of the coil 
would be large. This would require the strand to yield plastically in the axial direction. 
The stresses probably do not get anywhere near that required to cause plastic axial 
yield. The reason for this is that the bronze and copper within the wire crecp at the 
high heat-treatment temperature. Creep will cause the wire cross-section to change; 
material will creep away from the points of contact between the wires. The wires will 
not creep in their axial direction because the tantalum (and possibly the niohium) in 
the barrier does not creep at the heat-treatment temperature. Thus any increase in wire 
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volume probably doesn't increase the volume occupied by the coil, but rather tills 
some of the space between the wires within the coil. 
During the cool down phase of the heat-treatment process, stresses will aga1l1 be 
atlected by the relative contraction rates of the former and the wire. This will depend 
on the thennal expansion coefficients of the former material and the wire and also on 
the thennal conductivity and ramp rate. 
The tightness of the coil after it has been cooled to its operating temperature of around 
4K will not only affect the likelihood of quenches occurring, but will also influence 
the superconducting properties. It is well known that the superconducting properties of 
Nb3Sn are strongly influenced by its stress state. Therefore, if the dimensional changes 
influence the axial and transverse stresses acting on the wire, they therefore also 
influence the superconducting properties. 
4.4 Measurement method 
4.4.1 Length 
The lengths of the wire samples were measured using a set of long length vernier 
callipers. To ensure accuracy of measurement the wires were prepared with square 
ends (refer to Section 3.4). To hold the wires straight and square to the callipers they 
were held in a groove machined onto the top surface of a rectangular metal plate and 
held down by another plate placed on top. Only small lengths of wire protruded from 
the ends of the plates to enable measurement. A schematic is shown in Figure 4.1. The 
edge of the plate with the groove was held against the callipers to ensure that the wire 
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was held square to the calipers. The callipers had a ratchet device that enabled them to 
be closed onto the ends of the wires with a consistent pressure. This was important 
because the wires were relatively flexible and any variation in the pressure would 
have caused a variation in the length measurement obtained. 
Wire Top plate 
Bottom plate 
with groove 
Figure 4.1 Method for holding wires straight for length measurement 
The measurement accuracy was investigated by repeating measurements on a batch of 
25 wires. The lengths of the wires were around 175mm and each wire was measured 
to 2 decimal places. The average difference between the two measurements made on 
each wire was O.0056mm and except for one wire where the difference was O.02mm, 
the difference between the two measurements was either zero or O.Olmrn. Thus the 
accuracy of the measurement of change in length of each specimen is approximately 
±O.Olmm or±O.Ol% (rounded up) of the original length. 
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4.4.2 Volume 
The total volume of the 25 WIre samples within each heat-treatment batch was 
measured before and after heat-treatment. This was done by immersing the wires in 
water and measuring the displacement of the water level. The apparatus used 
consisted of a glass measuring flask with a small bore burette tube fitted into the neck. 
The flask was filled with water so that the level could be read close to the bottom of 
the scale on the burette tube. The wires were then dropped one at a time through the 
burette tube into the flask. The water level was read off after al I the wires were 
Small bore 
burette tube 
with graduated 
scale 
Rubber cork 
c 
'-" ...... 1-- --
..... . 
\ : : J 
f-'-'-
Water level with 
wires immersed 
Water level prior to 
wire immersion 
Wire samples immersed 
within flask 
Figure 4.2 Schematic ofyolume measurement apparatu 
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immersed. The change in level corresponded to the volume of the wires. The small 
bore of the burette tube enabled an accurate measure to be obtained as the change in 
level was approximately SOcm. A schematic of the apparatus is shown in Figure 4.2. 
To maximise the accuracy of the measurement a number of important strategies were 
deployed: 
1. The measurement was carried out in a temperature stable room and the water 
used for the measurement was taken from bottle that was allowed to stand for 
at least 24 hours prior to use to enable its temperature to equalise with room 
temperature. The room temperature at the time of each measurement was 
noted, so that it could be allowed for in case a significant temperature effect 
was observed. The small variation in temperature did not significantly effect 
the results, however, so the temperature readings were not used. 
2. When fitting the rubber cork and burette tube into the top of the water filled 
flask, care was taken to minimise any air getting trapped. Any air that did 
inadvertently get trapped was removed by tipping the apparatus so that the air 
rose to the surface through the burette tube. 
3. Great care was taken to ensure that the rubber cork would not slip during the 
measurement process. Any potential slippage was encouraged to take place 
prior to the measurements. This was done by tipping the apparatus horizontal, 
tapping the burette tube vigorously in all directions, returning the apparatus 
back to vertical and checking if the water level had changed. Any change 
indicated that some slippage had occurred. The process was repeated several 
times until no more slippage took place. 
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4. To minimise the number of air bubbles being carried down into the flask or 
attaching themselves to the inside surface of the burette tube during the 
process of immersing the wires, the apparatus was tipped to an angle of 
approximately 30° from horizontal for the purpose of inserting the wires. By 
sliding the wires slowly down the burette tube into the water very few air 
bubbles were produced. Any bubbles that attached themselves to the inside 
surface of the burette tube could be 'knocked off by the insertion of the next 
wire. Once 'knocked off the bubbles would rise to the surface, or at least rise 
part way to the surface before re-attaching to the burette wall once again. 
5. After all the wires had been immersed in the flask, if there were any mr 
bubbles in the flask or burette tube, an attempt was made to remove them. This 
was done by agitating the apparatus to free the bubbles and tipping it to enable 
the bubbles to pass up through the burette tube to the surface. If the bubbles 
could not be removed, the measurement was abandoned and the whole process 
began again. 
6. During the handling of the apparatus, care was taken not to cause any warming 
with direct hand contact. Any small wanning was found to cause an error by 
causing the water to expand. For a similar reason, the volume of the flask used 
was the minimum possible, as the greater the volume the greater the change in 
level in the burette tube that would result from any temperature change. 
7. The measurement was repeated 3 times and if agreement wasn't within ±O.l % 
further measurements were made until 3 consecutive measurements were 
within the limit. 
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The repeatability of the measurement of volume was approximately ±O.09%. The 
change in volume was obtained from the difference between volume measurements 
and the accuracy is therefore approximately ±O.13%. (TIllS was obtained by 
multiplying the accuracy of a volume measurement by 2 because the difference was 
obtained from 2 volume measurements, and dividing by The division by is 
because of probability; there is a low probability of the error being larger than ±0.13% 
because the individual errors of the two measurements would both have to be close to 
0.09% and with opposite signs). 
4.4.3 Filament diameter 
A comprehensive study of the cross-sectional area and effective diameter of the 
filaments within the superconducting wires was undertaken. The effective diameter 
being defined here as the diameter of a circle which has the same cross-sectional area 
as the irregular shaped filament as illustrated in Figure 4.3. 
----------
Figure 4.3 Effective diameter of a filament 
Effective 
Diameter 
Measurements were made with unreacted wire as well as all the batches of heat-
treated wires. Because of the large variability in filament size, it was necessary to 
measure a large number of fi laments from different regions within the wire cross-
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sections of a number of different wires from each heat-treatment batch. For each of 
the 9 ariables of wire (all the heat-treated batches plus the unreacted batch), 3 cross-
sections were analysed, each from a different wire within the batch. For each cross-
section, the filament diameters from 6 different regions were measured. The location 
of the 6 regions is shown in Figure 4.4. Two of the regions were from the outside of 
the filament/matrix ring, two from the inside and two from the central area. 
o o 
o 
Filament diameters 
were m a ured in 
these 6 regions 
F igure 4.4 Region , ithi n cro s- ection , here fil ament dia meter wa mea ured 
Within each reglOn, the effective diameters of approx imate ly 30 fi laments were 
measured. Thus, the number of fi laments mea ured was approxinlately 180 per cross-
section, 540 per heat-tr atment variable, and 4860 in total (a long and laborious task!). 
64 
Chapter 4 Dimensional changes caused by heat-treatment 
The effective diameters were measured usmg a high magnification optical 
microscope. To prepare the micrograph samples, Sh0l1 sections of wire were 
encapsulated in potting compound using special clips to hold the wires perpendicular 
to the ends. A polishing regime involving four stages was employed to achieve the 
high quality finish required. The polishing regime used was that recommended by 
Metprep Ltd, a supplier of polishing materials and is given in Appendix B. 
It was hoped that it would have been possible to measure the size of the niobium core 
at the centre of partially reacted filaments. Unfortunately, it was not possible to 
distinguish between the niobium core and the Nb3Sn layer. Several different etching 
agents were tried in an attempt to reveal the interface between the two but with no 
success. Hydrofluoric acid, as used by Tang et a1. (1981), may have revealed the 
interface, but this is an extremely hazardous substance and was considered too 
dangerous to use. Interestingly, the interface could be seen after the penultimate 
polishing stage, but the sharpness of the resulting images was not sufficient to provide 
accurate measurements. 
An Olympus BX51 microscope was used to view the polished samples. This had a 
maximum magnification of 1000 and was fitted with a digital image grabber. Aquinto 
a4i Docu software by Aquinto AG, Berlin, Germany was used to analyse the images. 
The circular measurement tool within the software was used to draw circles over the 
filaments within the 1000x magnified image. The position and size of the circles were 
adjusted to cover the actual filaments such that the areas of the circles and the 
filaments were visually equal. An example of one of the 162 images analysed is 
shown in Figure 4.5. 
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ote however, that the analysis software glVes the effective radii of the filaments 
rather than the diameter. The image in the figure is of a wire from heat-treatment 
regime 8 (i.e. a fuUy reacted wire), although all the cro - ections analysed produced 
similar images. 
4.5 Results 
f2252 vmt 
12370 vm,i Vm! 
2.649 V'" 12.576 V'" 
[2388 V'" 
[2-:152 V 
Figure 4.5 Measurement of filament size 
-. 
The results of the change in dimensions cau ed by the various heat-treatment regimes 
are hown in Figure 4.6. The y-axis scale on the right is for the change in wire length, 
olume and diameter. The scale for the much larger change in effective filament 
diameter is on the left. The detajls of the heat-treatments for the different regimes can 
b found in Chapter 3. Regime number 0 (meaning no heat-treatment) is included to 
give a referenc point. The regime numbers have been ordered such that the heat-
treatment dmation increases with increasing regime number. 
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- F ilament diameter 
- Volume 
- Diameter 
- Length 
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Figure 4.6 ha nge in wire dimensions caused by heat-t reatment 
The error bars repres nt the confidence in the accuracy of the measurements i.e. there 
is approximately 95% confidence that the true value lies somewhere within the range 
of the elTor bar (the error bars do not therefore represent the scatter in the 
measurements; although this scatter is shown in Figure 4.7). If there is no overlap of 
elTor bar then there is statistical confidence that there really is a difference between 
the two points . The elTor bar for the filament diameter measurements have been 
calculated differently from those for the olume, diamet r and length. They represent 
the 95% confidence of the average filament diameter rather than the change in 
filament diameter caused by the heat-treatment. The reason for this is that it was not 
possible to make filament diameter measurements on th ame filaments b fore and 
after heat-treatment because of the destructive nature of the measurement. Therefore 
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the change in filament diameter was not measured directly, but was obtained by 
comparing the measurements made on the heat-treated wires with those made on a 
batch of unreacted wires. The error bars used are the most appropriate for visualising 
the difference in filament diameter between the different heat-treatment regimes. 
From Figure 4.6 it can be seen that the wire length, diameter and volume as well as 
the filament diameter all generally increase with increasing heat-treatment duration. 
This is a result of the conversion of the niobium into Nb3Sn. The increase in volume 
of the niobium as it is converted into Nb3Sn is greater than the reduction in volume of 
the bronze as the tin is depleted. 
It can also be seen that there is a reduction in length between regime 0 (unreacted 
wires) and regime 1, and between regimes 3 and 4. There also appears to be a small 
reduction in volume between regime 0 and 1. A change in the residual stresses within 
the wires caused by the heat-treatment is probably the cause of these reductions. 
Firstly, as the wires are heated up, residual stresses are produced because the 
constituent materials have different coefficients of themlal expansion. They arc higher 
for copper and bronze than for niobium, so the axial stresses produced are 
compressive for the former and tensile for the latter. The stresses in the bronze, 
however, are relieved by a creep mechanism at the high temperatures. This stress 
relief causes the length of the wire to decrease because the axial tensile force on the 
niobium is reduced. Thus, this would tend to make the wires decrease in length 
because the expansion during heating is less than the contraction during cooling. 
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Curiously, there also appears to be a decrease in the filament diameter between 
regimes 8 and 9, the two longest heat-treatment regimes. This is also mirrored by a 
small decrease in wire volume and diameter, although this decrease is less than the 
measurement error. Such a decrease in filament diameter is hard to explain and may 
be experimental error. Further study would be required to confirm this observation. 
For the measurement of wire length, each wire was measured separately. Therefore a 
measurement of the change in wire length was obtained for each of the 25 wires of 
each heat-treatment batch. The mean values and the scatter of the results within each 
batch are shown in Figure 4.7. The error bars represent 2 standard deviations above 
and below the mean (95% of the measurements made on the individual wire samples 
will lie within this range). 
Percentage change 
in length 
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Figure 4.7 The scatter in the measurement of the change in wire length 
• t "I ... 
8a 9 
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Heat-treatment regime number 8 was carried out on two separate batches of wires in 
order to produce more samples required for the etching experiment described in 
Chapter 7. There was therefore an opportunity to compare the re ults from the two 
batches to ee if any variation in results was being introduced by variations in how the 
heat-treatment was carried out. The results in Figure 4.8 show that there was no 
difference in the results from the h a batche . 
2.500 0.450 
2.000 I- - ---Io---- ---+--f -·- 0.400 
1.500 
Percentage change 
(Vo lume and 
Diameter) 
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I I 
3 10 
Heat-treatment batch number 
(both regime 8) 
0.350 
0.300 
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• Diameter 
• Length 
Percentage change 
(Length) 
Figure 4.8 Repeatability of mea urement of dimen ional change for wires from different heat-
treatment batcbe 
Figure 4.9 shows the change in dimensions caused by the heat-treatment regime where 
the cooling rate at the end of the beat-treatment was very fast (regime 8a). The results 
are compared with thos of a heat-treatment regime with a slow cooling rate but 
identical in all other re pects (regime 8). The regime had long heat-treatment 
durations en uring that a large proportion of the fi laments would have been converted 
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to Nb3Sn. Regime 8 is the heat-treatment recommended by the manufacturer to fully 
react the wire. It can be seen that the effect of the cooling rate on the changes to the 
wire dimensions was tati tically in ignificant i.e. less than measurement error. 
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Figure 4.9 Effect of cooling rate on the dimensional changes 
The measurement of effective filament diameter for each heat-treatment regime was 
obtained by taking the mean of the measurement fro m 3 wire samples from the batch. 
The spread of results between the 3 wire samples is shown in Figure 4.10. It can be 
seen that the wire to wir variation is quite large. The standard d viation between 
wires has been calculated by carrying out an Analysis of Variance, which is shown in 
Figure 4.11. 
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Figure 4.10 Wire to wire variability in effective filament diameter 
Anova: Single Factor 
SUMMARY 
Groups Count Sum Average Variance 
Row 1 3 11 .58945 3.863151 0.018959 
Row 2 3 12.75378 4.251259 0.010188 
Row3 3 11 .97671 3.992237 0.004885 
Row 4 3 12.63654 4.21218 0.020915 
Row 5 3 13.48438 4.494795 0.001556 
Row 6 3 13.7224 4.574134 0.004977 
Row 7 3 14.33998 4.779993 0.005743 
Row 8 3 14.30908 4.769694 0.00338 
Row 9 3 13.36712 4.455706 0.003251 
ANOVA 
Source of 
Variation SS df MS F P-value F crit 
1.01 E-
Between Groups 2.49181 8 0.311476 37.95734 09 2.510158 
Within Groups 0.147707 18 0.008206 
Total 2.639518 26 
Figure 4.11 Analysis ofYariance ca lculation 
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In Figure 4.11, Row 1 to Row 9 represent the 9 ditlerent heat-treatment regimes, 
Count shows that there were 3 measurements for each regime (i.e. 3 wire samples) and 
Average gives the average filament diameter. The standard deviation (0") of average 
filament diameter between wires within the heat-treatment regimes is given by 
equation 4.1. SS is the sum of squares of the variation within groups and df is the 
degrees of freedom. (df is equal to 18 because the degrees of freedom within each 
group is the number or wire samples minus 1, i.e. 2, and there are 9 groups). 
(J df) 
/18) 
0.091 microns 
(4.1) 
(4.2) 
(4.3) 
According to standard statistics theory, the 95% contidence interval of the mean is 
equal to ± 2 standard errors of the mean. The standard error of the mean (sem) is given 
by, 
sem 
where n is the number of wire samples measured for each heat-treatment regime. 
Thus, 
sem 0.091 / 3 
0.052 microns 
( 4.4) 
(4.5) 
(4.6) 
Figure 4.6 shows the percentage change in filament diameter from the value for the 
unreacted wires (3.86 microns) rather than the actual filament diameter, so the 95% 
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confidence interval s (ci) hown by the rele ant error bar have been calculated as 
follows: 
ci = ± ( 2 X em ) X IOO 
3.86 
± 2.7 % 
(4.7) 
(4.8) 
The effective filam nt diamet r in the 3 region (out r, middle and inner as shown in 
Figure 4.4) are hown in Figur 4.12. There i littl difference in the filament lze 
across the 3 reglOns for all the heat-treatm nt reglIDes. This indicates that tin 
tarvation does not reduce the growth of Nb3 n in any particular region and that 
Nb n growth is uniform throughout the wiJe cross-section. 
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Figure 4.12 Effect ive filam e nt dia meter in different regions of th e cro - ection 
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The symmetry of the wires was also investigated by comparing the measurements of 
fIlament diameter in the outer, middle and inner regions on one side of each wire 
sample with the opposite side. Figure 4.13 is a histogram showing the asymmetry of 
all 27 wire samples that were analysed . There was no systematic variation in the 
asymmetry with increasing heat-treatment duration, so the results from all 27 wire 
samples have been analysed together. The figure shows that for the majority of the 
wires the symmetry was reasonably good. pproximately 90% have a difference in 
filament diameter on opposite sides of less than 0.2 micron or 5% of the average 
filament diameter. The largest asymmetry measured was 0.41 micron or 10% of the 
average filament diameter. It should be remembered that the diametric line on which 
the 6 regions were located was selected at random. Therefore, only asymmetry in one 
direction has been measured. The true a ymmetry will therefore be somewhat worse 
than the measurements show. 
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Figure 4.13 Asy mmet ry in effective fil ament diameter across the wires 
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The variation in effective filament diameter within each of the separate regions was 
similar for all regions and heat-treatment regime. The average standard deviation of 
all 162 regions was 0.16 micron. 
4.6 Conclusions 
Wire length, diameter and volume generally all increased as a result of the heat-
treatment process. When given the heat-treatment recommended by the wire supplier 
(regime 8), the increase in length. diameter and volume was 0.3, 0.8 and 2.0% 
respectively. However, the wires were not subjected to any applied loads or restraints 
during the heat-treatments given as part of this research. This will not normally be the 
case in practice. For the common "wind and react" manufacturing process, the wire 
will be subjected to the axial tension and transverse compression from the winding 
process. Then, as the temperature ramps up at the start of the heat-treatment process 
the stresses will change as a result of the different coefficients of thennal expansion 
between the former (normally stainless steel) and the wire and also due to differences 
in temperature. The change in dimensions of the wire as the reaction proceeds (as the 
niobium is converted into Nb3Sn) will also influence the stresses acting on the wire. 
This could have a significant ciTect on the actual change in dimensions. 
The changes in wire dimensions could have significant consequences t()f the design 
and manufacture of superconducting magnets. They influence the stresses acting on 
the wire and therefore affect the superconducting properties as well as the likelihood 
of quenches occurring during magnet operation. The increase in length will tend to 
make the wire become loose on the fomler and between layers within the coil. The 
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Increase In diameter will tend to have the opposite effect, increasing transverse 
compressive stresses between layers and also increasing axial tension. Other factors 
also have an influence on the tightness of the wire in the coil after the heat-treatment 
process. These include the material and design of the former onto which the coil is 
wound, the winding configuration, how much space there is between adjacent turns 
and the material and thickness of any winding mat or paper that is sometimes used 
between layers. 
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5.1 Introduction 
To understand how superconducting wires perform under the loading they experience, 
it is desirable to know the mechanical properties at 4 K, the operating temperature of 
most low temperature superconducting magnets. Facilities for testing at 4 K were not 
available and were beyond the budget of the project. In any case, testing at 4 K is very 
difficult and results therefore generally suffer from significant measurement error. It 
was therefore concluded that the best approach would be to obtain good data of the 
properties at room temperature and 77 K and to use extrapolation to obtain the 
properties at 4 K. The data at room temperature and 77 K would also be useful in their 
own right for verifying the F. E. models presented in Chapter 6. The mechanical 
properties were obtained by tensile testing; the apparatus, experimental method and 
results are presented in this chapter. Some of the content of this chapter has been 
published previously in Harvey, Fellows, Durodola, Vazquez-Navarro and Twin 
(2005), Harvey, Fellows, Durodola and Twin (2005) and Harvey et al. (2006). 
5.2 Experimental challenges 
Obtaining accurate measurements of the mechanical properties of superconducting 
wires (primarily elastic modulus, yield strength and stress-strain curve) presents a 
considerable experimental challenge. One problem is the small diameter of the wires, 
typically in the range of O.4mm to 1.Smm. The wires have to be handled very 
carefully to avoid stressing them beyond the yield stress prior to testing them as this 
would affect the results. The yield stress is generally very low exacerbating the 
problem. Measuring the strain on such small diameter wires is also problematic. The 
weight of even the smallest cxtensometers can cause the wires to bend. If there is any 
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bend in the wire specimen, the measurement of strain will generally be erroneous. The 
specimen will appear to be less stiff than in reality because the strain measurement 
will include the strain associated with the sample straightening out. The act of 
straightening out a wire specimen prior to a tcnsile tcst will stress parts of the wire 
beyond the yield stress, thus affecting the results. Straightening out a wire specimen 
during the test will result in uneven stresses across the cross-section. One side of the 
wire will experience higher tensile stress than the average. Local yielding could 
therefore occur at stresses much lower than the yield stress. It is therefore desirable to 
have straight wire specimens for testing. In practice, however, superconducting wire 
comes wound on a spool and therefore has a residual curvature. 
Fitting extensometers onto the wires also presents serious difficulties. It tends to be a 
very delicate operation where the wires can easily be bent or stressed beyond the yield 
point in the process. Another problem is that heat-treated Nb3Sn superconducting 
wires are very brittle, making handling even more difficult. Wire san1ples can easily 
be broken by the application of a small bending moment. Even if complete fracture 
does not occur, some filaments may fracture within the wire sample thus affecting the 
results of the test. 
The tensile testing apparatus and method were chosen and developed to meet these 
experimental challenges as best as possible. 
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5.3 Tensile testing apparatus and method 
A Mayes 100 servo-hydraulic machine fitted with a 5kN loadcell was used for the 
tensile testing. This is shown in Figure 5.1. The loadcell was placed between a 
universal joint and the test specimen. This ensured that only axial loads were 
transmitted through the loadcell and was necessary because of the small cross-section 
of the test specimens. If the loadcell was not fitted in the way described, any slight 
misalignment of the test specimen fi-om the axis of the machine would have resulted in 
a bending moment being transferred to the loadcell , and a significant error in the load 
reading could have been produced. 
Universal Joint 
Loadcell 
Insulated vessel for liquid nitrogen 
-
• 
: 1- " .. 
Blown-up view of test specimen 
Figure 5.1 Tensile testing a pparatus 
An extension rod was fitted directly under the loadcell to keep it away from the liquid 
nitrogen, as a change in th loadcell temperature could have affected the readings. For 
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the room temperature te ts, the vessel for the liquid nitrogen was removed to allow 
easier access to the test specimens. When the testing method was first being 
developed, the pulley grips as shown in Figure 5.1 were used. The test specimens used 
at this time were bTi superconducting wire and stainless steel wire (the results of 
these tests are not presented here) and were sufficiently ductile that they could be 
wrapped around the pulley. An advantage of using pulley grips is that they don't 
introduc ignificant stre scone ntration points and therefore enable the ultimate 
tensile strength to be measured. To test brittle Nb3 n superconducting wires, however, 
pulley grips are not suitable because it i not po sible to wrap the wire around the 
pulleys. An alternative gripping method was developed for testing brittle wire u ing 
standard drill chucks that were adapted to fit on the machine. The stress concentration 
caused by this gtipping method wa ufficiently low that the wires could be loaded to 
or very near to the ultimate ten ile trength. This was evident because the fmlme point 
on the wires wa often in the mid-s ction a\ ay from the grips. Figure 5.2 shows the 
drill ch uck grips and Figme 5.3 a wire specimen that failed in the mid-section. All the 
ten ile test result that are presented in this thesis were from tests using the dri ll chuck 
gnp . 
Figu re 5.2 
Drill chllcl< grip 
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Figure 5.3 
Photograph ho\ ing the location 
of a failure point 
For measuring the strain, miniature extensometers weighing only 8 g were attached to 
the test specimens a shown in Figure 5.1. Th xtensometers were produced by 
psi Ion Technology orporation from Jackson, Wyoming, USA. It was desirable to 
use small and lightweight extensometers because the larger the size and weight, the 
more the measur ment is distorted by causing the wire specimens to bend. This is 
particularly the case at the start of the tensile test when the axial load is low. 
Whene er possible two extensometers were used, although as they were being hared 
with Oxford Instruments for some of the testing only one was available. The 
advantage of having two wa that two sets of strain data could be obtained from each 
test. This enabled infomlation to be gathered more quickJy a well as providing a 
cre s check on each exten ometer. Initially it was found that there wa a lot of 
variability between the two sets of strain data obtained but tills was found to b 
largely caused by the way that the extensometers were fitted onto the wire pecimens. 
In particular, by how quare the extensometers were fitted on the wire specimens and 
als by the alignment of the spring clips that held the extensometers on the wire. It 
was important to position th pring clip such that the point of contact betwe n the 
spring clip and the wire was adjacent to the knife dges. If the contact points were not 
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aligned, the slope of the stress-strain curve obtained from the test differed 
significantly from tests where the alignment was good, particularly at the beginning of 
the curves. However, because of their small size, it was not an easy task to fit the 
extensometers as described. After considerable practice, however, it was found that 
the difference in the results obtained from the hvo extensometers on a single wire 
specimen was considerably less than the difference between separate wire specimens. 
It therefore became less important to use two extensometers and also indicated that the 
variability obtained between wire specimens was not a result of variations in the way 
the extensometers were attached. The delicacy of the extenso meters meant that just by 
normal handling it was possible to distort them slightly such that the gauge length 
would change. Because of this, the gauge lengths were measured and the 
extenso meters were re-calibrated at quite regular intervals, approximately once per 
week. Calibration was done at room temperature using a specialised tool for 
calibrating extenso meters made by Instron. According to the extensometer 
manufacturer, the calibration at liquid nitrogen temperature would be within 2% of the 
room temperature calibration, and so the room temperature calibration was used tor 
the liquid nitrogen tests as well. 
A strain rate of approximately 400 microstrain/second was used for all the tensile tests 
apart from those that were calTied out to investigate the effect of the strain rate. To 
investigate the mechanical properties for wires that experience some cyclic loading, as 
could be the case in practice, the stress and strain were measured over several load 
cycles with the load being increased on each cycle. The first load cycle was taken to a 
load just above the yield stress. This produced several hysteresis loops. Another 
advantage of doing the tests this way was that the elastic modulus could he measured 
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accurately. This was because the linear slope associated with elastic defom1ation 
could be measured at the start of each of the loading and unloading sequences. 
When clamping the wire specimens in the drill chuck grips, care had to be taken not to 
transmit any significant load to the specimens. The wires being investigated had very 
low yield points meaning that plastic deformation would occur at loads as low as 
about 40N. For the same reason, any bending also had to be avoided. To keep the load 
as close to zero as possible the testing machine was put into 'standby load' just before 
the second drill chuck clamp was tightened up. In practice, the standby load had to be 
set to a low value of tensile force to prevent the control going unstable. A value of 
around ION was used, which was maintained by the machine's digital controller as the 
drill chuck was tightened up. 
The measurements of load, stress, machine displacement, and strain were captured 
using Spider-8 data-logging equipment and software supplied by HBM GmbH, 
Dannstadt, Germany. The data was exported to Excel (spreadsheet software by 
Microsoft Corporation, USA) for analysis. 
5.4 Specimen preparation 
A requirement of the wire specimen preparation was to make them as straight as 
possible. There were two reasons for this. Firstly, the brittle reacted wires would 
fracture if they experienced even a slight bending load. If the wires were bent at the 
start of the tensile test they would experience bending loads as well an axial load. This 
would cause them to fracture at relatively low loads. Secondly. for the accurate 
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measurement of strain, the extensometers needed to be attached to straight portions of 
wire. The wire used for this project was supplied in the form of a continuous length 
wrapped onto a spool and because of this had a residual curvature when unwrapped. 
The radius of this residual curvature was approximately 50cm. The wire specimens 
that were to be heat-treated were straightened by hand. This was done carefully so as 
not to overstrain the wire at any particular point. Interestingly, it was found that after 
the wires had been straightened out, a significant proportion of the original curvature 
would recover if the wires were left for a few minutes or more. This indicated that a 
degree of creep deformation was taking place at room temperature. It was found that 
the wires had to be straightened approximately 3 times before they would remain 
sufficiently straight (sufficiently straight was considered to be when the deviation was 
no more than approximately ± lmm along the 175mm length). The act of straightening 
the wires would have changed the mechanical properties to a certain extent by 
introducing some work hardening and changing the residual stresses. This probably 
would not have affected the mechanical properties, however, because of annealing 
during the heat-treatment. Only the wire specimens that were not heat-treated were not 
straightened prior to tensile testing. However, the act of clamping the specimens in the 
drill chuck clamps had the effect of straightening them. There was therefore no 
concern that the extensometers would give unreliable results as a result of the wires 
being bent. The bending moment acting on the wires to hold them straight would have 
produced an axial stress gradient across the wire cross-section, compressive on one 
side and tensile on the other. It was considered that this would be better than 
straighteneing the wires by hand prior to testing as this would introduce work 
hardening and change the residual stresses. 
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The wire specimens were cut from the spool and randomised before being divided up 
into the different batches for heat-treatment. To prepare the specimens for tensile 
testing, about 1 Dmm were cut off the ends in case there were any end effects on the 
mechanical properties. The remaining length was then cut in half. One half was used 
for the tensile test and the other half was kept for future reference. 
5.5 Data processing techniques 
The elastic modulus of each of the wire specimens was obtained by measuring the 
linear slope of the stress-strain curve over the regions where the deformation was 
purely elastic. These elastic regions were at the start of each of the loading sequences 
as well as the start of each of the unloading sequences (it was found, in some cases at 
least, that the slope at the start of the first loading sequence was a little less than for 
the subsequent loading and unloading sequences and so was disregarded). The elastic 
regions, however, were very short and so to aid the measurement the slope of the 
stress-strain curve was plotted against strain. The slope at each point was calculated 
using the average stress and strain values over a fixed number of measurement points 
before and after the point in question. It was then relatively easy to read off the value 
of the modulus over each of the appropriate regions. Figure 5.4 illustrates this 
technique. 
There are a number of discontinuities in the slope of the stress-strain curve, which 
occur at the points where the loading changes direction. The elastic modulus can be 
seen to be fairly consistent at the start of all of the loading and unloading sequences 
and is approximately 115GPa in this particular specimen. 
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F igure S.4 Exa mple of graph used for the mea urement of the elastic modulu 
The ela tic modulus obtained by the method d cribed in the preceding section was 
u ed in a second data proce ing technique; to align the stres -strain curve to the 
origin. This was neces ary because the start point for the test was not actuaJly zero 
stres due to the small amount of tension req uired to maintain load control and to 
prevent the load going negative which would cau e the wire to buckle. J 0 the strain 
measurement as mor u ceptible to error at the strui of the test when the load is 
low. This is because the wire specimen i not pulled traight and is al 0 quite flexible 
when ubjected to bending loads. At higher loads the tensi le force pull s the wire 
specimen straight and prevent it bending under the weight of the extenso meters or 
becau e of any light mi aJignment in the way the exten ometer wer attached. The 
method u ed to align the curv s to the origin is illu trated in Figure 5.5. 
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Figure 5.5 tress-strain curve aligned to the origin 
1.2 
It was assumed that the slope at the start of the stress-strain curve should be equal to 
the eta tic modulu obtained by the method described in the preceding section. A 
straight line from the origin and with the lope of the elastic modulus was added to the 
stress-strain graph. If this line did not appear to be tangential to the stress-strain curve, 
the curve was shifted to the left or right on the graph to the position of best fit with the 
Elastic Modulus line. This was done by simply adding or subtracting the appropriate 
value to or from all the train readings. 
5.6 Results 
5.6.1 Stress-strain curves 
Figure 5.6 show the influence of the heat-treatment process on the mecharucal 
properties at room temperature (approximately 300K) and at liquid nitrogen 
temperature (77K). 
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Figure 5.6 Effect of th e heat-treatmcnt process on thc mechanica l properties 
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Stress-strain curves were obtained for all of the heat-treatment regimes (0 to 9) at 
room temperature, but from only five (0, 1, 2, 5 and 8) at 77 K. To avoid over 
cluttering the room temperature graph, only the results for the five heat-treatment 
regimes that were tested at both temperatures are shown. However, the results from 
regimes 8a and 9 are very similar to regime 8, and those for the other regimes fall 
between the curves shown in the figure. The hysteresis loops have been removed from 
the curves, again to avoid over cluttering (the hysteresis loops are shown, however, in 
Figure 5.8). Each of the curves plotted is the average of the results from four different 
wire specimens. It was helpful to take an average in this way because there was some 
specimen-to-specimen variation (in the worst cases, the variation was approximately 
±20 MPa at any given point on the curves, although for the majority, the variation was 
much less than this). The typical specimen-to-specimen variation is illustrated in 
Figure 5.7, where the four individual test results for a single variable (in this case the 
room temperature results of heat-treatment regime 2) are shown. 
The stress-strain curve for fully reacted wire (regime 8) at room temperature only 
extends to about 0.65% strain as this is the point where the wires fractured. At 77 K, 
the fully reacted wires fractured at about 1.0% strain. The only other heat-treatment 
regime that was tested at 77K and exhibited fracture within the strain range of the 
tests, was regime 5. The strain at fracture was also greater at 77 K than at room 
temperature (1.6% compared to 0.9%). Thus, the ductility of the wires is greater at 77 
K than at room temperature. 
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Figure 5.7 Graph howing the specim en-to-specimen va riation in results 
tre s- train curve obtained from some of the individual tensile tests are shown in 
Figure 5.8. These curves show the hysteresis loops produced by the loading and 
Wlloadjng cycles carried out during the tests. The general pattern of these hyster sis 
loops i similar for all the heat-treatment regime. 
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5.6.2 Elastic modulus 
The measurements of the ela tic modulii are shown in Figure 5.9. The elastic modulus 
was about 102 GPa for the unreacted wire sp cimens rising to about 110 GPa for 
fully reacted one , with no measurable difference between the room temperature and 
77 K results. The error bars represent the measurement accuracy. The slopes at the 
origin of the stress-strain curves, particularly for heat-treated wire specimen , tended 
to be a little Ie than the elastic modulij. This indicated that, due to residual axial 
tensile stresses in the bronze and copper, the elastic region at the start of the test was 
virtually non-existent and that plastic d formation took place almost from the very 
beginning. A small elastic region must have been present because the residual stresses 
in any material would always be less than the yield tress of that material due to creep. 
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5.6.3 Effect of tempera ture 
The effect that the temperature had on the results is shown in Figure 5.10, where the 
stress- train curves obtained at both room t mperature and at 77 K are plotted on the 
same graphs. Each curve represent an average of the re ults from tests on four wire 
pecunens. 
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Figure 5.10 Effect of temperature on the mecha nica l properties 
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Interestingly, Figure 5.10 shows that for fully r act d wire pecimens, there is not a 
lot of difference between the mechanical properties at room temperature and 77 K. 
This sugge ts that the mechanical properties at 4 K the operating temperature of 
Nb3Sn uperconducting magnets, could be estimated with quite a h igh degree of 
confidence by extrapolation from the results at 77 K. In fact, the properties at 4 K are 
likely to be very close to those at 77 K. 
5.6.4 Effect of the strain rate 
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F igure 5.11 Effect of stra in rate on the stress-s tra in curve 
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The effect that the strain rate used in the tensile tests had on the results is shown in 
Figure 5.11. Tensile tests were made on three wire specimens at each of the four 
different strain rates ranging from 100 to 5000 microstrain per second. Once again the 
wire specimens and the order of the tests were randomised. The curves plotted in the 
figure are an average of the six stress-strain curves obtained at each strain rate (3 tests 
multiplied by 2 extensometers). It can be seen that the strain rate does have an effect, 
but only a relatively small one over the range of strain rate investigated. 
5.6.5 Effect of the heat-treatment cooling rate 
The effect of the cooling rate at the end of the heat-treatment process is shown in 
Figure 5.12. 'Slow Cooled' in the figure refers to wire specimens heat-treated using 
regime 8, the heat-treatment recommended by the wire manufacturer to react the wire, 
whilst 'Quenched' refers to wire specimens heat-treated using regime 8a, which was 
identical to regime 8 except that the cooling rate was much faster (see Chapter 3 for 
more details about the heat-treatment regimes). The stress-strain curves are an average 
of the results from tests on four wire specimens. It can be seen from the figure that 
there was no significant difference in the mechanical properties between 'Slow 
Cooled' and 'Quenched' wire specimens. The reason that the effect of the cooling rate 
was investigated was that it was thought that there might be an effect on the residual 
stresses within the wire as well as on the mechanical properties. As the wire cools 
down, residual stresses develop because of differences in thermal contraction 
coefficients between the constituent materials of the wire. Time dependent creep will 
relieve these residual stresses during the cool-down, particularly at the start of the 
cool-down when temperatures are high. Although no noticeable effect was observed in 
the stress-strain curve, it is probable that the residual stresses were a1Tected by the 
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cooling rate, but by not enough to significantly alter the tre - train curve. It ha 
alread been shown (Figure 5.10) that for fully reacted wire specimen there is only a 
small difference in the mechanical prop rti at room temperature and 77 K. The 
re idual tresses are, howe r known to be significantly diffi rent at the two 
temperatures. Knowledge of the re idual tr se i of particular interest because the 
uperconducting propertie dep nd trongly on the tre within the Nb)Sn filaments. 
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Another reason for investigating whether the cooling rate had any effect on the 
mechanical properties was to provide data for the development of the tinite element 
models (see Chapter 6). Any attempt to try to model creep deformation within the 
wire as it cools down at the end of the heat-treatment would be prone to uncertainty. 
By cooling wire specimens as quickly as possible the effect of creep would be 
minimised, because of its time dependent nature. The residual stresses would 
effectively be locked-in. This data could then be used to verify the F.E. model without 
the uncertainties of having to model creep. The results indicated that creep during the 
cool-down had little effect on the mechanical properties and theret'cxe only a small 
allowance would need to be made for it in the F.E. model. 
5.7 Discussion 
From Figure 5.6 it can be seen that there is a big difference in the mechanical 
properties between wire specimens that were heat-treated and those that were not. It is 
clear from the results of the change in dimensions (see Chapter 4) that very little 
Nb3Sn will have been fom1ed in the wire specimens given heat-treatment regimes 1 
and 2 (the shortest ones), therefore the formation of Nb]Sn cannot account for the 
change in mechanical propel1ies. The change is probably mainly the result of 
annealing of the bronze matrix, which following the tinal draw'ing operation of the 
manufacturing process, is in a work hardened statc. Somc change in mechanical 
propel1ies will also be caused by the change in residual stresses within the wire that 
result from even short heat-treatments. 
99 
Chapter 5 Measurement afmechanical properties 
For strains from zero to about 0.5% there is very little difference in the room 
temperature mechanical properties of the \vire specImens given any of the heat-
treatment regimes (except regime 0). And, excepting the unreacted wires and the 
shortest heat-treatment (regimes 0 and 1), the mechanical properties at 77 K are very 
similar for all the heat-treatment regimes up to about 1 % strain. Thus, the mechanical 
properties remain reasonably constant despite the dramatic changes in the composition 
- the niobium filanlents are completely converted into Nb3Sn and the tin level within 
the bronze matrix is depleted from the initial 13 wt.% to approximately 5 wt.% after 
full reaction. 
From Figure 5.8 it can be seen that the SIze of the hysteresis loops increases 
dramatically with increasing strain. This is evidence of increasing plastic deformation 
occurring during unloading. Some of the constituent materials of the composite wire 
have shorter elastic ranges than others, for example the copper has a shorter elastic 
range than the Nb3Sn. During unloading the axial stress in all the materials reduces. 
For the materials with the shortest elastic ranges, the axial stress may fall below zero 
and become compressive. If this compressive stress exceeds the yield strength in 
compression, the resulting plastic deformation will cause the slope of the unloading 
curve to become less steep, leading to the formation of a hysteresis loop. The greater 
the amount of plastic defornlation during unloading, the greater the size of the 
hysteresis loop. 
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5.8 Conclusions 
1. The elastic modulus ranges from about 102 OPa for wires that were not heat-
treated to about 110 OPa for fully reacted wires and is the same at room 
temperature and 77 K. 
2. There is a significant difference in the mechanical properties of wires that were 
not heat-treated compared to those that had only short heat-treatments, which 
were insufficient to convert much of the niobium into Nb3Sn. Annealing of the 
bronze matrix, which is in a work-hardened state prior to heat-treatment, is the 
major cause of the change in mechanical properties. 
3. Apart from becoming more brittle, the mechanical properties do not change much 
for different durations of heat-treatment. There is very little difference in the 
stress-strain curves of wire specimens from all of the heat-treated batches (except 
the shortest heat-treatment at 77 K) up to about 0.5% strain at room temperature 
and 1 % at 77 K. This is despite the fact that the composition changes dramatically 
from the shortest to the longest heat-treatment regime. Therefore, for this wire at 
least, the effect on the mechanical properties does not need to be considered when 
optimising the heat-treatment regime. 
4. The mechanical properties of the fully reacted wire specimens were similar at 
room temperature and 77 K, suggesting that the properties at 4 K, the operating 
temperature of NbJSn superconducting magnets, would be wry close to those at 
77 K. 
5. The strain rate during the tensile tests, when in the range from 100 to 5000 
microstrain per second. had only a small effect on the results. 
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6. The mechanical properties of wire specimens that were cooled rapidly at the end 
of the heat-treatment process were not measurably different from those that were 
cooled slowly. 
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CHAPTER 6 
Finite element modelling 
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6.1 Introduction 
Magnet designers are increasingly using modelling to help optimise the design of 
superconducting magnets. The models need to predict stresses and strains throughout 
the magnet when cooled down to its operating temperature of 4 K and subjected to the 
large forces that are produced when the magnet is energised. Models in the past have 
suffered from a lack of knowledge about the mechanical properties of the 
superconducting WIre. Experimental testing of superconducting wire, such as that 
presented in Chapter 5, will help to increase this knowledge. It would also be useful, 
however, to be able to predict the mechanical properties by modelling the wire itself. 
Moreover, if the stresses and strains in the Nb3Sn filaments could be modelled, the 
superconducting properties of the wire could then also be predicted. The benefit 
would be that the design of superconducting wire (constituent materials, volume 
fractions, positioning of the different constituent materials, etc) could be optimised 
quicker and at considerably less cost. 
This chapter describes how the superconducting wire was modelled using the finite 
element method. A major factor influencing the validity of any model is how 
accurately the material properties are represented. An important part of the chapter is 
devoted to describing the material properties that were used, and where they came 
from. Finally, the results of the modelling work are compared with the experimental 
measurements, and the sensitivity to uncertainties in the model is assessed. 
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6.2 Description of the F.E. models and boundary conditions 
The finite element package used for the modelling work was Ansys, which was 
available under a student license. Some earlier versions were used initially, but the 
majority of the work was with version 10. The reason that Ansys was used as opposed 
to an alternative package was that this was the application used by Oxford 
Instruments, the company sponsoring the project. Any models produced could then 
easily be transferred. 
The finite element method is a numerical method that approximates a solution by 
dividing the medium of interest, in this case the superconducting wire, into discrete 
sub-divisions called elements. The solution should converge on the actual behaviour 
as the size of the elements is reduced. The solution within each element is assumed to 
be represented by an approximate continuous function. The complete solution is 
obtained by combining the individual solutions whilst allowing for continuity between 
elements, applying boundary conditions and solving for the unknowns. As is common 
when using the finite element method for structural analysis problems, Ansys uses a 
Lagrangian finite element formulation. This means that the elements move and change 
shape with the material is it deforms. 
For the wire specimens used in the experiments, the length of the wire was much 
greater than the diameter. Therefore, any strain in the length direction would be 
planar, i.e. uniform across the cross-section. This would also be the case for 
superconducting wire used in practice. As there would be no variation in stress and 
strain in the length direction the models only needed to be one element thick. It was 
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necessary to have a 3D model, as opposed to a 2D one, because the stresses and 
strains needed to be modelled in all 3 directions. 
The real wire had a manufactured twist in it such that the filaments spiral around the 
central core, one revolution every 3 cm. As the pitch of the twist was relatively long 
compared to the diameter of the wire, it was assumed that the mechanical propeliies 
would not be significantly different from a wire with no twist. Because of this and also 
because a model incorporating the twist would be considerably more complex, it was 
decided to model the wire with no twist. 
The sole element type chosen to be used in the models was the quadratic 3D solid 
element denoted SOLID95. This is a 20 node element that can tolerate irregular 
shapes without much loss of accuracy. It is also well suited to model curved 
boundaries and can be tetrahedral as well as hexahedral. 
The superconducting wire to be modelled was the same one used for the experimental 
investigations. This wire has 22866 Nb3Sn filaments and so it was not practical to 
model a true representation of the cross-section. The models that have been produced 
are of simplified cross-sections. Other than the number of filaments, however, the 
models do represent the cross-section accurately in all other respects. In particular, the 
volume fractions of all the constituent materials are accurately reproduced. Due to the 
symmetrical nature of the wire it was possible to model only a 30° wedge of the cross-
section. The model that was closest to the true cross-section had the Nb,Sn distributed 
in 618 filaments throughout the cross-section. These filanlents obviously had to be 
much larger than the real filanlcnts in ordcr that the correct volumc fraction was 
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maintained. The true cross-section has 618 bundles of filaments, with each bundle 
containing 37 filaments. Each of the 618 filaments in the model were located at the 
same positions as the bundles in the real wire. Due to the limit of nodes that a model 
could have with the Ansys student license, 618 was about the maximum number of 
filaments that could be modelled with a reasonable mesh density. Two other models 
were produced that had the Nb3Sn distributed in 30 and 6 filaments. The effect of the 
number of filaments used in the model could be assessed by comparing the results 
from the three models. A judgement could then be made as to whether the results 
would be significantly different if a true representation of the wire cross-section with 
22866 filaments could have been modelled. The three models are shown in Figure 6.1. 
The only major difference between the 3 models is the way that the Nb3Sn is 
distributed within the bronze matrix. 
The models were based on the volume fractions of the fully reacted wire. Thus, the 
area of the filaments was based on the total area of the Nb3Sn filaments and not the 
area of the niobium filaments of unreacted wire. Some of the analyses that were 
carried out, however, involved modelling the heating up stage of the heat-treatment 
process, i.e. prior to the filaments being converted from niobium to Nb3Sn. The area 
of the filaments was therefore about 37 % (Cave and Weir 1983) too large for these 
analyses, but as will be shown in the results section, the heating up stage has very little 
effect on the final mechanical properties. It was therefore not considered necessary to 
allow for the change in tilament area in the models. 
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6 filament model 
30 fi lament model 
618 fi lament model 
Copper core 
Tantalum barrier 
Bronze matrix (in 3 parts; 
inner, arow1d fi laments and 
out r) and Nb)Sn filaments 
F igure 6.1 Fini te element meshe used to model the superconducting wire 
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The boundary conditions applied to the models were as follows: 
1. Symmetry on the two side faces. Due to the symmetry the full cross-section could 
be represented by a 30° wedge. 
2. Displacement in the z direction (wire axis) of all nodes on the bottom face was 
held at zero. 
3. Displacement in x and y directions on the nodes at the pointed end of the wedge 
(and therefore lying on the central axis of the wire) held at zero 
4. Displacements in the z direction of all nodes on the top face were coupled 
together. Any displacement in the z direction would therefore remain planar and 
parallel. 
Different approaches were used to model the changes in stress and strain caused by 
the heat-treatment process. One approach was based on the assumption that all the 
materials within the wire excluding the barrier are fully annealed and stress free at the 
heat-treatment temperature. This is a reasonable assumption because the heat-
treatment temperature is well above the annealing temperatures of bronze and copper. 
If the bronze stress relieves at the heat-treatment temperature then the Nb3Sn filaments 
must also be stress free for force equilibrium. The barrier is also assumed to be stress 
free, but both the niobium and tantalum are assumed not to anneal at the heat-
treatment temperature and therefore to maintain a high degree of cold work. There is 
some uncertainty, however, about whether any annealing takes place in the niobium. 
Another approach takes into consideration that the stresses may not be completely 
relieved. This is because the heat-treatment temperature is not high enough to stress 
relieve the tantalum in the barrier and the stresses in the copper core may not stress 
relieve because they are largely hydrostatic in nature. There is an uncertainty with this 
109 
Chapter 6 Finite element modelling 
approach, however, because the residual stress of the pre-reacted wire is unknown. 
For simplicity, the wire is assumed to be stress free before heating the wire up to the 
heat-treatment temperature. At the heat-treatment temperature, or a little lower to 
allow for some creep (see below), the bronze and Nb]Sn filaments are annealed and 
stress relieved. This is done by applying "Birth and Death" to the appropriate elements 
of the model. 
The types of load steps used to model the heat-treatment process were as follows: 
1. Temperature change. Either heating up or cooling down during the heat-treatment. 
Creep was allowed for by selecting a lower temperature. For example, to allow for 
creep during the cool-down at the end of the heat-treatment, the wire was assumed 
to be stress free until the temperature dropped below a certain value. The 
temperature change modelled would therefore be from the temperature below 
which creep was assumed not to take place, to room temperature. 
2. Annealing and/or stress-relieving. This was done by applying' Birth and Death' to 
the appropriate elements. The elements were killed prior to the annealing or 
stress-relieving taking place and afterwards the clements were bom again. To 
anneal the elements, the material properties were changed at the time of their re-
birth. 
To obtain stress-strain curves from the models, a pressure was applied to the top 
surface of the model and the resultant strain was recorded. A negative pressure was 
applied to produce an axial tensile stress. 
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6.3 Analytical validation of model 
A basic form of the finite element models was validated using an analytical solution. 
However, it was only possible to produce an analytical solution for a very simplified 
case. The simple case considered was a mono-filamentary wire, where the filament is 
located in the centre. Therefore, there were only two materials to consider and both 
were assumed to defonn only elastically, i.e. no plastic deformation. Although, this 
was very different from the real multi-tilamentary composite wire, it was possible to 
validate some of the key features of the model. The features that could be validated 
were as follows: 
I. The use of symmetry in which the wire is modelled as a 30° wedge. 
2. The boundary conditions where the bottom face is restrained in the z direction and 
the displacements in the z direction of the nodes on the top face were coupled 
together. 
3. The method of applying a temperature change 
4. The method for obtaining the stress-strain curve, i.c. applying a pressure to the top 
surface. 
The analytical solution was based on the Lame equation (Ross 1987). The full 
description of the analytical solution is given in Choy et al. (1995). The solution gives 
the 3 dimensional stresses and strains throughout the mono-filament wire produced by 
a temperature change and an applied axial load or strain. Using the material properties 
of copper and Nb3Sn for the two materials, the tinite element model was tound to be 
in agreement with the analytical solution with less than I % error. 
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6.4 Material properties 
There were 7 different materials used in the models as listed in Table 6.1: 
Material 
Copper 
Niobium 
Tantalum 
Bronze 
Bronze 
Bronze 
Nb3Sn 
Location 
Core 
Barrier (also filaments prior to reaction) 
Barrier 
Matrix inner 
Matrix central 
Matrix outer 
filaments 
Table 6.1 Materials used in finite element models 
Three different bronze materials were used because the properties of the bronze vary 
depending on the location. The bronze that surrounds the filaments has a small grain 
size that is essentially dependent on the filament spacing. The bronze on the outside of 
the wire has a large grain size and probably a higher tin content than the bronze 
surrounding the filaments. The bronze close to the barrier layer has a large grain size 
and a tin content that is probably close to that of the bronze surrounding the filaments. 
Information about the grain size and tin content in the bronze after heat-treatment 
comes from Tang et al. (1981), McDonald et al. (1983), Markiewicz and Goddard 
(2002) and Tan et al. (2004). 
The material properties used in the models are based on Mitchell (2005 (',:vogenics). 
Mitchell's objective was to provide a complete and internally consistent set of data. 
He has produced an excellent resource, using a wide range of reference data. 
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However, as Mitchell himself recognised, appropriate measurements on copper and 
bronze are particularly sparse and also he did not take the effect of grain size into 
consideration. It was found that some of the values for yield stress and UTS given by 
Mitchell's equations do not agree very well with published data. Using the same 
reference that Mitchell used (Simon et aI. 1992), more appropriate values of yield 
stress and UTS at room temperature and below have been used for this research. 
6.4.1 Coefficient of thermal expansion 
In Mitchell (2005 Cryogenics) thermal expansion is given by equations for the themlal 
strain relative to the length at a reference temperature. For example, for Nb3Sn the 
thennal strain is given by 
where tlL is the change ll1 length relative to the length at 293 K and T is the 
temperature in Kelvin. 
Using these equations, the change in length relative to 968 K (the heat-treatment 
temperature) has been calculated for all the constituent materials and is shown in 
Figure 6.2. 
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% Length change 
relative to 968K 
0.0 
-0.5 
-1.0 
-1.5 
- bronze and copp r 
- Nb3Sn 
- niobium 
- tantalum 
-2.0 
o 200 400 600 800 1000 
Temperature (K) 
Figure 6.2 Thermal co ntraction of constituent materials 
To obtajn the coefficients of thermal expansion, a the equations for thenual strrun 
were differentiated with re pect to th t rnperature T. Thus, for the b3Sn example 
Figure 6.3 hows the coefficients of thermal expansion for all the con tituent 
material. 
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Figure 6.3 Coefficients of thermal expansion 
800 1000 
The graphs in Figur 6.2 and 6.3 how th continuous variation with temperature, 
howey r to de cribe the ariation in properties with temperature within the F. E. 
oft ar the material properti were entered at only ix discr et temp rature . 4 77, 
293 500 700 and 968 K. 
115 
Chapter 6 Finite element modelling 
6.4.2 Mechanical properties 
To provide a continuous fit for the stress-strain curves of the constituent materials, 
Mitchell used the following expressions. 
t: = Aa" + a/ E (6.3) 
with 
( . ) / all / a" log" (all / a v ) n = log t: - ... "t: , - . 
t' lJ / .1 E"' (6.4) 
and 
A = (c _a")ja" 
li 1£ u (6.5) 
a 
where t:y in the expression for n is equal to 0.002. 
E 
(Jy is therefore equivalent to the 0.2% proof stress of the generated curve. 
Mitchell's explanation for using this tit was that it is more suitable for finite element 
analysis than the more conventional (J= Ac:m, which has infinite modulus at the start 
of the curve. 
The curves used by Mitchell can be conveniently modified to include the effect of 
cold work. This is illustrated in Figure 6.4. The curve given by the expressions is 
effectively shifted in the negative strain direction (to the left on a normal stress-strain 
graph) by the amount of pem1anent cold work strain. The initial part of the stress-
strain curve, up to the point where it intersects the shined curve, is then simply a 
straight line with the slope of the Young's modulus. 
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Curve given by Mitchell ' s expressions, 
shifted to the left by the amount of cold 
work strain CW 
Strain 
Figure 6.4 Effect of cold work on stre s-stra in curve 
With no cold work applied, the curves generated by Mitchell's expressions have no 
elastic range. The slope at the origin is equal to the Young's modulus, but plastic 
deformation (a reduction in slope) begins from the start. By applying cold work to the 
curves, an elastic range is produced. It was necessary to have an elastic range i1) order 
to input the mechanical properties into the F.E. software, therefore a small amount of 
cold work was applied to the curves for the annealed materials (copper and bronze). In 
fact, this produced more realistic stress-strain curves than those with no cold work, but 
didn't have a significant affect on the stress and strain values as a whole. 
For each of the different constituent materials, Mitchell also produced e pressions for 
the UTS, yield tress, Young's modulus and elongation (au , ay , E and GI/), in wJuch 
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temperature is the only variable. The values used in the F.E. models have been 
obtained using these expressions except \vhere otherwise stated. The expressions have 
not been used where the values given by them have been found to differ substantially 
from published data. The values used in the F.E. models are given in the following 
sections for each of the constituent materials. Explanations are also given where the 
values differ from Mitchell's recommendations. The mechanical properties were 
entered into the F.E. software in tabular form with about 10 stress-strain points to 
define each curve up to about 2 % strain. The kinematic hardening rule was used 
because this gives the best representation of the stress-strain relationship during 
unloading and compression. To model non-linear mechanical behaviour there are two 
basic hardening rules that can be used (there are others, but these are more 
complicated and require a lot more data on the material behaviour). The two basic 
hardening rules are isotropic hardening and kinematic hardening. Generally, kinematic 
hardening is used when it is necessary to aIlow for the Bauschinger effect. Therefore, 
kinematic hardening was used for this research (when the isotropic hardening rule was 
used instead of kinematic, the hysteresis loops virtually disappeared). A detailed 
explanation of the different hardening rules can be found in Ansys (1998), Section 
8.3.1.] Plasticity. 
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6.4.2.1 Copper 
The material properties for copper used in the models are given in Table 6.2. 
Temperature E O:v all ell 
(K) (GPa) (MPa) (MPa) (%) 
4 137 33 436 43 
77 136 30 358 40 
293 128 27 216 32 
500 115 23 107 26 
700 102 18 65 20 
968 91 13 45 14 
Table 6.2 Mechanical properties of copper 
Poisson's ratio was assumed to be 0.34 (Simon et a1. 1992), 
The values for E and ell were obtained from Mitchell's equations. For ay and all the 
high temperature values were also obtained from Mitchell's equations, but the low 
temperature values were found to differ from values obtained from Mitchell's main 
reference, Simon et a1. (1992). Figure 6.5 compares the values of ultimate tensile 
strength, au, obtained from Mitchell's equations with those obtained from Simon et al. 
(1992) assuming a grain size of 50 llm, the same as assumed by Mitchell. The grain 
size of the copper in the wire specimens was approximately of this order as could be 
observed on some of the micrographs of wire cross-sections 
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It was decided to adopt the aJues obtained from Simon et a1. (1992) as Mitchell's 
equation do not pro ide a good enough fit to this reference data. However, Mitchell's 
equation were u ed for th high t mperature vaJue b cau e Simon t aJ. (1992) only 
looked at the properties up to room temp ratur . 
Figure 6.6 compar the value of yield stress, O"Y' obtained from Mitch II s equation 
with those obtained from two different source within Simon et al. (1992). The fir t 
one come from the Chapter 2, 0 ygen free copper: ten ile propertie , and the second 
from Chapter 20, Pho phor bronze: tensile pr pertie . Th grain ize i again a sumed 
to be 50 To obtain propertie for copper from the data for pho phor bronze, the 
term for pho phor c ntent used in the equation of b t fit to the data i et to zero. 
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Figure 6.6 omparison of (jy value ob tained from different sources 
It can be een from Figure 6.6 that the values for yi ld stres at 4 K given by both the 
source within Simon et aJ. (1992) are in agreement. The agreement i also rea onable 
at 77 and 293 K. It wa d cided, therefore to adopt the value given by the oxygen 
fr e copper data ithin imon t aJ. (1992) for th propertie at low temp rature (4 
and 77 K) and to u Mitchell (2005 Cfyogenic) for the properties at high 
temperature (700 and 968 K). The properties at the intermediate temperatme (293 
and 500 K) were interpolated from the high and low temperature propel1ies. 
Figure 6.7 show the tre s- train curves that are produced uSll1g Mitchell' 
expressions with th pr p rtie gi en in Tabl 6.2 and a mall amount of cold work 
(0.005 %). 
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Figure 6.7 Stress- train curves for copper 
6.4.2.2 Bronze 
Different mechanical properties were used for the bronze before and after heat-
treatment and in differ nt locations within the superconducting wire. This was because 
the tin within the bronze is depleted during the heat-treatment and the tin content and 
the grain ize vary ubstantially throughout the cross-section. The tin content before 
the heat-treatment is 13 wt.% and is depleted to omewhere around 3 and 8 wt.% after 
the niobium has been converted to Nb3Sn. The tin content after reaction is also 
probably lower in the bronze matrix surrounding the filaments than in the bronze close 
to the outside of the wire or close to the barrier (McDonald 1983 and Tan 2004). The 
grain size in the bronze matrix sUITounding the filaments is largely dependent on the 
filan1ent spacing (Markiewicz and Goddard 2002) and so, for the wire used in this 
re earch, tbi sugge ts it would be ru"ound 3 The grain size of the bronze in the 
regions where th re were no filam nts could be ob erved on the microscope image of 
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wire cross-sections and wa sub tantially larger at al"Ound 50 ).l1Il. The effect of the 
grain size and tin content on the yield stre s is shown in Figures 6.8 and 6.9 
re p ctively. The data u d in the figure i from imon t al. (1992). 1 ote, imilar 
data could not b found in the lit rature for th T 
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The Young's modulii (E), and elongation (611) for the different bronzes used in the 
modclling was taken fi'om Mitchell's equations. However. an error was discovered in 
the equation tor E. Mitchell provided the correct equation in a private communication. 
That equation is as follows: 
where T is the temperature in Kelvin and Sn is the tin content in percentage weight. 
The yield stress (0:.1'), was obtained from Simon ct a1. (1992), Mitchell (2005 
Cryogenics) and some interpolation as shown in Figure 6.10. 
The reference data from Simon et a1. (1992) was considered the best available data for 
the temperature range that they covered (up to room temperature) and so this source 
was used for the bronze in all three regions. For the top two graphs in Figure 6.10, the 
outer and inner bronze regions, the yield stress predicted by Simon et a1. (1992) 
appears to approach that predicted by Mitchell (2005 Cryogenics) as the temperature 
increases. It was therefore decided to usc the values predicted by Mitchell (2005 
Cryogenics) for the 700 K and 968 K points and to use an interpolated value for thc 
500 K point. For the bronze that surrounds the filamcnts it was found that there is an 
approximately constant ratio between the yield stress predictcd by Mitchell (2005 
Oyogenics) and that predicted by Simon et al. (1992). Therefore, the yield stress at 
500, 700 and 968 K was obtained by applying this ratio to the values predicted by 
Mitchell (2005 Cryogenics). 
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There is reasonably high confidence in the accuracy of the O:v values used in this thesis 
because of the quality of the data available, particularly in Simon et a1. (1992). The 
data available for the ultimate tensile strength (O"zJ and the elongation to failure (GzJ is 
not nearly as comprehensive. In particular, no data could be found on the effect of 
grain size on these two parameters. For the relatively low strains that the bronze in 
superconducting wire will generally experience (less than 2 %) both au and GU affect 
the stress-strain curve given by Mitchell's expressions in the same way; an increase to 
all has the same effect as a decrease in Gil' Both affect the work hardening rate, i.e. the 
slope of the stress-strain curve after the yield point. It is therefore possible to obtain 
the correct stress-strain curve (over the low strain range) with a higher 0"11 and a lower 
eu than the true values, and vice-versa. Therefore, although possibly inaccurate, f:u was 
obtained directly from Mitchell (2005 ()yogenics), but by selecting an appropriate 
value for au it would still be possible to obtain the correct stress-strain curve. 
Although this appropriate value for au was unknown, an estimation was made based 
on the value given by Mitchell (2005 Cryogenics) with an allowance for the difference 
between what was assumed to be the real yield stress (i.e. the "This thesis" values in 
Figure 6.10) and that given by Mitchell (2005 Cryogenics). One estimate of all was 
obtained by uplifting the value given by Mitchell (2005 Oyogenics) by an amount 
equal to the ditJerence between the yield stress values, i.e. 0"11 is given by: 
(6.7) 
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where (o-U)H and (0-1' )\/ are the ultimate tensile strength and yield strength given by 
Mitchell (2005 Cryogenics) and ay is the yield stress used for the modelling presented 
in this thesis. 
When the bronze stress-strain curves were computed uSlI1g this estimation of all, 
however, the F.E. model did not produce a very good match with the experimentally 
measured stress-strain curve of the superconducting wire. Another estimate was 
obtained by assuming that the ratio of the real all value to the value given by Mitchell 
(2005 Clyogenics) is the same as the ratio for the real O:v value to the value given by 
Mitchell (2005 Cryogenics). Thus, this estimate of au is given by: 
(6.8) 
These estimates of au along with the values given by Mitchell (2005 Cryogenics) are 
shown in Figure 6.11. Using stress-strain curves for bronze computed using values of 
au estimated by the second method, the F.E. model produced a very good match with 
the experimental measurement at room temperature of the superconducting wire 
stress-strain curve (see Figure 6.16). The match wasn't so good at liquid nitrogen 
temperature (77 K), however. To achieve a better match at 77 K without changing the 
room temperature result, the 77 K all values were reduced to a level between the 
estimate 1 and estimate 2 values, as shown in Figure 6.11. 
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Although a good match with the experimental results was achieved, it does not follow 
that the material properties used for bronze arc accurate. There were a number of other 
uncertainties in the model (these uncertainties are explored in Section 6.6.2) and so 
there remains substantial uncertainty about the bronze stress-strain curves, particularly 
beyond the yield point. 
The material property values used to define the stress-strain curves using Mitchell's 
expressions are given in Table 6.3. Note, no values are given for all or [;/1 at 4 K 
because the confidence in the accuracy of any estimate was felt to be too low to justify 
it. Figure 6.12 shows the stress-strain curves that are produced using Mitchell's 
expressions with the properties given in Table 6.3 and a small amount of cold work 
(0.005 %). 
Poisson's ratio was assumed to be 0.36 (Simon et al. 1992). 
For modelling the bronze in the unreacted wire, the material properties were taken 
directly from Mitchell (2005 Oyogenics). It was not considered necessary to look any 
deeper into the properties because prior to cooling from the heat-treatment 
temperature the bronze will be stress free due to creep. Therefore, the material 
properties of the bronze in the unreacted wire will have an insignificant effect on the 
tinal mechanical properties of the reacted wire. This assumption was contim1ed in the 
modelling (see Section 6.6.2.2). 
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Temperature E a.v (JII ell 
(K) (GPa) (MPa) (MPa) (%) 
4 121 340 
77 121 242 833 44 
293 117 154 600 35 Outer region 
Tin content: 8% weight 
500 107 93 317 28 Grain size: 50 micron 
700 97 67 190 21 
968 90 62 117 14 
Temperature E (Jy (JII eu 
(K) (GPa) (MPa) (MPa) (%) 
4 127 279 
77 127 201 700 43 
293 121 132 509 34 Inner region 
500 110 82 280 27 
Tin content: 5% weight 
Grain size: 50 micron 
700 99 57 166 21 
968 90 52 103 14 
Temperature E (Jy (JII ell 
(K) (GPa) (MPa) (MPa) (%) 
4 127 378 
77 127 301 918 43 
293 121 231 894 34 Around filaments 
180 620 27 
Tin content: 5% weight 
500 110 Grain size: 4 micron 
700 99 150 433 21 
968 90 136 268 14 
Table 6.3 Mechanical properties of bronze in reacted wire 
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6.4.2.3 Nb3Sn 
The mechanical properties of the Nb}Sn have been taken from Mitchell (2005 
Cryogenics) with a small modification to the low temperature modulus. In Mitchell 
(2005 Cryogenics) the Young's modulus, E, is given as 13 5 G Pa for temperatures 
above 100 K and 100 GPa below 35 K, with a simple linear expression for the 
transition between the two temperatures. There is some uncertainty in the value of the 
low temperature modulus, however (as explained in the literature review, Section 
2.3.5). The crystal structure of Nb3Sn can take the form of at least 3 different phases. 
The phases that are present depend on a number of variables including the 
temperature, the tin content, alloying additions and the stress. It is known that the 
modulus can soften significantly as the temperature falls below about 100 K, but how 
much it softens and over what temperature range will depend on the particular 
chemistry and stress levels. It was found that the best match with the experimental 
results was obtained if the modulus at 77 K was taken to be 110 GPa. There is also 
evidence that the behaviour is non-linear elastic, but there is insufficient data available 
to model this. 
It was assumed that deformation is purely elastic within the strain range experienced 
within the superconducting wire. This is because Nb3Sn is very brittle and fractures 
rather than yielding plastically. Fracturing generally begins at tensile strains of about 
0.6 % (Luhman et al. 1979), but because of the residual compressive stress, this is 
equivalent to about 1 % applied tensile strain. Poisson's ratio was taken to be 0.35 
(Poirer et al. 1984). The available data on the Poisson's ratio is very scarce and so 
there is some uncertainty about the accuracy of the value used. Mitchell assumed the 
Poisson's ratio to be 0.3 but has not explained where the figure came from. Poirer et 
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al. (1984) showed that the Poisson's ratio has a significant temperature dependence. 
The room temperature value was rep0l1ed as 0.22, rising to 0.46 below about 30 K. 
The value of the Poisson's ratio has been assumed to be constant with temperature in 
this thesis, however, because of the scarcity of data. 
6.4.2.4 Niobium and Tantalum 
It has been asswned that neither niobiwn nor tantalwn stress relieve or anneal at the 
heat-treatment temperature (695°C). The melting points of niobium and tantalum are 
2750 K and 3290 K respectively, and the ratios of the heat-treatment temperature to 
the melting points are 0.35 and 0.21 respectively. As a general rule, creep and 
therefore stress relief does not occur below about 0.3 to 0.4 of the melting point 
(Ashby and Jones 1980). Annealing generally will require a higher temperature than 
stress-relief. Therefore, annealing or stress relief clearly does not take place in the 
tantalum. However, it is uncertain whether the niobium will stress relieve, although it 
is unlikely that it will anneal. The niobium only makes up a small fraction of the 
reacted wire and so the uncertainty about whether it stress relieves or anneals at the 
heat-treatment temperature wiII only have a very minor effect on the results. 
With no annealing or stress relief taking place, the niobium and tantalum will be in a 
heavily cold worked condition following the extensive drawing down of the 
manufacturing process. Because of this, the material properties have been assumed to 
be elastic / perfectly plastic. The Young's modulii have been taken from Mitchell 
(2005 Cryogenics). The room temperature UTS values given by Mitchell did not agree 
with the values for cold worked niobium and tantalum quoted at 
(Rembar Company is a well estahlished and respected supplier of refractory metals). 
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Mitchell's values of 282 and 401 MPa for niobium and tantalum respectively compare 
to 588 and 650 MPa from the Rembar source. The Rcmbar values were considered to 
be more reliable as they were obtained from cold worked material. Mitchell's 
equations are based on the properties of annealed material. Thus, for the room 
temperature yield stress, the Rembar UTS values \vere used, although they were 
adjusted down by a small amount because the cold \vorked yield stress would be less 
than the UTS. The yield stress was assumed to be 50 MPa less than the UTS, although 
this was purely an estimate. The high temperature values for yield stress were based 
on Mitchell's UTS values, rounded to the nearest 100 MPa because of uncertainty 
about the accuracy. The yield stresses at the intermediate points, i.e. 500 and 700 K, 
were interpolated from the room temperature and 968 K values (again rounding to the 
nearest 100). The values at 77 K were obtained by assuming the ratio of the true value 
to that given by Mitchell was the same at 77 K and room temperature. There is clearly 
considerable uncertainty about the validity of the values used, but as the barrier only 
accounts for around 1 % of the wire, inaccuracies in the values used would not have a 
significant etrect in the overall mechanical properties of the wire predicted by the 
model. 
Poisson's ratios are assumed to be 0.38 for niobium and 0.34 tor tantalum (Mitchell 
2005 Cryogenics). The values for Young's modulus and yield stress used in the 
modelling are given in Tables 6.4 and 6.5. The stress-strain curves are shown in 
Figures 6.13 and 6.14. 
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Temperature E a.v 
(K) (GPa) (MPa) 
77 108 800 
293 105 538 
500 102 300 
700 99 200 
968 94 100 
Table 6.4 Mechanical properties of niobium 
Temperature E O"y 
(K) (GPa) (MPa) 
77 186 900 
293 180 600 
500 174 400 
700 169 300 
968 162 200 
Table 6.5 Mechanical properties of tantalum 
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6.5 M odel checking 
6.5.1 Mesh density 
Mesh den ity can affect the re ults if it i too low, i.e. the element size is too large. To 
check that the mesh density used was sufficient, identical analyses were rWl on two 
models that were identical except for the mesh den ity. One model had the mesh that 
is shown in Figure 6.1 and the other had a mesh density that was significantly coarser 
and had about a quarter of the nWllber of elements. This mesh density analysis was 
carried out using the model with the b3Sn dish'ibuted in 618 filaments and al l 
materials were assumed to be stress free at 850 K (577°C). The first load step was to 
cool tlle wire to room temperatme simulating the cool-down at the end of the heat-
treatment process. In subsequent load steps a negative pressme was applied to the top 
sUlface to produce the tensile stress. The sh'ess-strain curves obtained from the two 
analyses are shown in Figure 6.15. 
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It can be seen from Figure 6.15 that there was no significant difference in the results 
using the two different mesh densities. It can therefore be concluded that the mesh 
density used was more than adequate tor modelling the stress-strain curves. 
6.5.2 Load stepping 
The size of the load steps (or sub-steps, if these are used) can have an affect on the 
results if the material properties are non-linear. The finite element soJtware computes 
a solution at each of the load steps (or sub-steps) and so effectively jumps from one 
step to the next. For a temperature change load step, for example, the software works 
by applying an instantaneous change in temperature and computes the stresses and 
strains that result. In the real world, however, the temperature will change in a 
continuous nature. The finite element solution does not take into account what 
happens between the two temperature set-points and can therefore produce an error if 
the size of the step is too large. The smaller the size of the steps the more accurate the 
result will be, but this will be at the expense of the time it takes the computer to 
complete the analysis. A balance therefore has to be struck between accuracy and 
computing time. The effect of the number of steps in both the cooling stage and the 
simulated tensile test stage of the analysis was investigated. It was found that 
relatively few steps were required for the cooling stage, in fact for cooling down to 
room temperature a single step gave virtually the same results as 3 steps. For cooling 
down to 77 K a single step did produce a small difference in results that multiple 
steps. Computing time was not a big issue, so 3 steps were used for cooling to room 
temperature and a further 3 for cooling to 77 K. For the simulated tensile test it was 
found that a relatively large number of steps were required to avoid errors. It was 
necessary to have a large number of steps in any case in order to extract the results at 
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multiple points on the stress-strain curve. Typically about 50 steps were used for a 
simulated tensile test with 3 hysteresis cycles and a maximum strain of 2%. The 
computing time for each analysis was approximately 20 to 30 minutes using a 1.4 
GHz Pentium II processor with 512 MB of ram. 
6.6 Results 
There were a number of uncertainties with the F.E. model, particularly with some of 
the material properties. The effects of the various uncertainties on the stress-strain 
curves obtained by the analyses were investigated. By comparing the results with the 
experimentally determined stress-strain curve, it was possible to find 'best fit' values 
for the uncertainties that had significant effects on the stress-strain curve. For some of 
the uncertainties, this could be done more-or-less independently because the 
uncertainty affected the stress-strain curve in a unique way. For some of the other 
uncertainties no single 'best-fit' value exists. For these a match with the experimental 
results could be achieved by estimating the value of one property and then optimising 
another. The estimated value of the first property could then be modified if necessary. 
In all cases, the property values were only optimised within a range that could be 
considered reasonable from the available data in the literature. The F.E. results using 
these optimised values are compared with the experimental results in Section 6.6.1. 
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6.6.1 Finite element modelling results compared with experiment 
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Figure 6.16 shows that a very good match was obtained between the finite element 
modelling results and the experimentally measured stress-strain curve of the fully 
reacted superconducting wire (heat-treatment regime 8) at both room temperature and 
77 K. The match is good in all regions of the curves, the linear regions at start of the 
unloading and reloading cycles, the slope after plastic yielding takes place, and the 
size of the hysteresis loops. 
6.6.2 Investigation of model sensitivity to changes in model assumptions 
6.6.2.1 Distribution of Nb3Sn within matrix 
As explained in Section 6.2, it was not possible to accurately reproduce the cross-
section of the superconducting wire in the F.E. model because of the large number of 
Nb3Sn filaments (22866). Even utilising symmetry, the model would require a huge 
number of elements, far in excess of the maximum allowable with the Ansys package 
and a student license. The maximum number of filaments that \vere modelled was 
618, with a diameter that gave the same overall volume fraction. To investigate the 
efJeet on the F.E. results of the way the Nb3Sn was distributed within the matrix of the 
model, two other models were also produced. These had the Nb3Sn distributed in 6 
and 30 filaments as shown in Figure 6.1. The results of analyses using the 3 different 
models is shown in Figure 6.17. 
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It can be seen from Figure 6.17 that it made virtually no difference to the results 
whether the NbJ n was modelled as 618, 30 or 6 filanlents within the wire cross-
s ction. By extrapolation, it i rea onable therefore to conclude that if the true number 
of filaments were mod lIed then the result would al 0 not be significantly differ nt. 
ote, howe er that this does not mean that real wires with uch filament numbers 
would not have different properties. The mechanical propelties of the bronze matrix is 
strongly influenced by th grain size and tlus is governed by the filament pacing. 
Therefore the greater the number of filaments the stronger the bronze. For all 3 of the 
models however the mechanical properties of the bronze were the ame and equal to 
that of the bronze matri of the real wir with 22866 filament ). 
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6.6.2.2 R e idual tre e in w ire prior to cool-down at end of beat-treatm ent 
As explained in ection 6.2, two different approaches were used to model the changes 
in tress and strain cau ed by the heat-treatment proc s. These two approaches are 
compared in Figure 6.18. 
- Re idual tre es not relieved in barrier or copper core 
- Fully tre s relie ed before cool-down 
400 Room Temperature 
300 
100 
o -¥-----.,----
o 0.2 0.4 
train (%) 
0.6 0.8 
Figure 6.18 Model ensitivity to ass umed res idua l stre ses prior to cool-down 
It can be seen that both approaches produced the same results for the stress-strain 
curve of the wire after cool-down. The explanation fo r thi is that the residual stresses 
that are generated as the wire is cooled from the hat-treatment temperatur ar much 
larger than the uncertainty about what, if any re idual stres e e i t just prior to the 
cool-down. The 'biIth and death techniqu to r Ii ve th stresses and arUleal the 
materials was applied in different way but the r ul t wer the same in al l ca es. For 
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example, in one analysis the bronze and Nb3Sn elements were "killed" after the 
temperature was raised from room temperature to 695°C, the temperature was then 
lowered to 577°C (to allow for stress relief during the cool-down) before the elements 
were reinstated. In other analyses the bronze and Nb]Sn elements were "killed" at a 
lower temperature (e.g. 577°C), the temperature was then raised to 695°C, then 
lowered to 577°C before the elements were reinstated. 
6.6.2.3 Grain size of bronze 
The effect of the grain size on the mechanical propel1ies of bronze has been described 
in Section 6.4.2.2. In Figure 6.8 it can be seen that the influence is particularly strong 
when the grain size is small, less than about 10 )lm. The grain size of the bronze 
matrix in the superconducting wire is limited by the filament spacing and so is 
somewhere around 3 Between the filament bundles the grain size will be a little 
larger, maybe 8 The model assumes the bronze has the same properties within 
and between the filament bundles, therefore the best estimate to use for the grain size 
in these areas is approximately 4 )lm (i.e. the filament spacing between filaments 
adjusted slightly to allow for the larger grain size between filament bundles). The 
grains will also not be regular and there will be some variation in size. Therefore, 
there is some uncertainty about what value to use for the grain size to compute the 
mechanical properties. The sensitivity of the model to the grain size is shown in 
Figure 6.19. 
Grain size was one of three uncertainties that had similar effects on the results, the 
other two being the tin content within the bronze and the amount of stress relief that 
occurred during the cool-down at the end of the heat-treatment. It was theret()l"e not 
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possible to find a ingle be t match ' value for th gram SIze, independent of the 
values used for the other two uncertaintie . 
- 5 J..ln1 grain size 
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Figu re 6.19 Model sensitivity to gra in ize of bronze matrix 
6.6.2.4 Tin content within bronze 
During the heat-treatment tin diffu es out of the bronze and into the ruobium 
filament to form b3 n. Tb amount of tin left in the bronze depends on the duration 
of the h at-treatment the ruobiumlbronze olume fraction ratio and the location of the 
bronze, as di cussed in ection 6.4.2.2 . The tin content was not knovvn exactly, 
although a good e timate could be made using data publi hed by oth r re earcher . 
The average tin content in fully r acted wir s a mea ured by McDonald et a1. (1983) 
and an et al. (2004) is hown in Table 6.6. 
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Tin content Tin content 
Source Bronze : Nb ratio Pre-reaction Post-reaction 
(wt.%) (wt.%) 
McDonald et al. (1983) 2.96: 1 13.5 3.7 
Tan et al. (2004) 3.6: 1 13.5 4.4 
Table 6.6 Tin content of the bronze in fully reacted wires 
This reference data can be used to estimate the average tin content in the wire that was 
investigated and modelled for this thesis. The following describes how this was done: 
The total amount of tin in a wire is proportional to the original tin content in the 
bronze and the amount of bronze. If the mass of bronze in a given pre-reaction wire is 
denoted as being 100 units, then, 
(6.9) 
where (A-1sn )1I1i1 is the mass of tin in the bronze of the pre-reacted wire and A(." is the 
mass of copper. 
As the mass of bronze was taken to be 100 units, 
(6.10) 
and 
(6.11 ) 
where (C',,)HRI is the tin content in the bronze of the pre-reacted wire (wt.%Sn). 
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Some of the tin diffuses out of the bronze during the reaction to form Nb3Sn. The 
mass of tin that is left in the bronze can be calculated using the measured tin content 
of the bronze in the reacted wire, (C," ) RIi! • 
(6.12) 
where (Msl' )Rli2 is the mass of tin in the bronze of the reacted wire and Me" is the 
mass of copper in the bronze, which is unaffected by the reaction. 
Thus, 
= (C SII )IlN2 X Nlcli 
[100 - (C"/I )8112] 
(6.13) 
Now, 
(6.14) 
where (M,\i' )NbJ,\i' is the mass of tin in the Nb3Sn filaments of the reacted wire. 
Using equations 6.9 to 6.15 and the reference data from Table 6.6, (AI',,)NhJSII can be 
calculated. If it is assumed that the tin content of the Nb]Sn filaments in the fully 
reacted wires investigated for this thesis is the same as for the wires used for the 
reference data, then the tin content in the bronze of the fully reacted wires investigatcd 
for this thesis can be calculated. Consider a length of the wire investigated tor this 
thesis that contains a mass of niobium filaments equal to that contained in the 
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reference wire denoted as having 100 units of mass of bronze from which equations 
6.9 to 6.15 where derived. The mass of bronze in the pre-reacted wire, AI fiR ' can be 
calculated as follows, 
l'v'1 fiR 
R = 100x-
Rrcf 
(6.15) 
where R and Rre/ are the bronze to niobium ratios for the wire investigated for this 
thesis and the reference wire. 
The mass of tin and copper in the bronze are given by, 
= (('811 )BRI L£ X JVl BII 
100 
( 6.16) 
and 
= (1 - (C,," }IiRI) x 1\1 
100 IiR (6.17) 
where (CSJBRl is the pre-reaction tin content of the bronze in the wire investigated for 
this thesis. 
From equation 6.15, the mass of tin in the bronze after being fully reacted is given by, 
(6.18) 
where (Al,)VblSI1 is equal to that for the reference wire. 
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The tin content of the bronze in the reacted wire can be calculated using equation 6.12 
and substituting in terms from equations 6.15 to 6.18. The results are 7.2 and 6.3 
wt.%Sn using the reference data from McDonald et a1. (1983) and Tan et a1. (2004), 
respectively. The lower figure is probably more realistic as the bronze to niobium ratio 
for the wire reported by Tan et al. was closer to that of the wire investigated for this 
thesis. The bronze to niobium ratio of the wire investigated by McDonald et al. was 
significantly lower than the wire investigated for this thesis and as a result it is 
possible that not all of the niobium was converted into Nb3Sn during the reaction. This 
would lead to an overestimate of the tin content. 
McDonald et al. (1983), Markiewicz and Goddard (2002) and Tan et al. (2004) all 
showed that there is a significant variation in bronze tin content across the cross-
section. Generally, the tin content is lower in the areas close to the filaments and 
higher in areas away from the filaments. Assuming a spread in tin content similar to 
that reported in the 3 research papers and assuming an overall average of about 6wt.%, 
the best estimate for the tin content was 8 \\'1.% in the bronze around the outside of the 
wire and 5 wt. % elsewhere. 
To investigate the model sensitivity to the tin content, the tin content was varied 
within a reasonable range for the bronze located around the filaments. Figure 6.20 
shows the effect on the results of slightly higher and lower tin contents. 
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- 4wt% Sn 
- 5wt% Sn 
- 6wt%Sn 
400 Room Temperature 
300 
100 
o 
o 0.2 0.4 0.6 0.8 
Strain (%) 
Fioure 6.20 Model sen itivity to tin content in bronze 
Tin content was one of three uncertainties that had similar effects on the results, the 
other two being the grain size of the bronze and the amount of stress relief that 
occwTed during the cool-down at the end of the heat-treatment. It was therefore not 
possible to find a single ' best match' value for the tin content, independent of the 
values used for the other two uncertainties. Therefore an estimate for the tin content 
of 5 wt.% was used. 
6.6.2.5 Stress relief on cool-down at end of heat-treatment 
As explained in Section 6.2, the wire has generally been assumed to be in a stress-free 
condition just prior to the cool-down at the end of the heat-treatment process. During 
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the cool-down residual stresses develop because of differences in coefficients of 
thennal contraction between the different constituent materials. While the temperature 
is still high enough, however, these stresses \..-ill be relieved by creep. The creep rate 
will depend on the temperature, the stress levels and the creep properties of the 
materials. A simple method was used to take account of the stress-relief during cool-
down. The wire was treated as stress-free at a temperature somewhat below the actual 
heat-treatment temperature and residual stresses were allowed to develop without any 
stress-relief during the cool-down from that temperature. Eflectively, a temperature 
threshold was set where complete stress-relief was assumed to take place above it, but 
none below it. The value to use for this temperature threshold could not be known 
with any certainty. It is known that bronze can be stress-relieved by heat-treating at 
200 to 300°e. This would suggest a value for the threshold of around there would be 
appropriate. This is also supported by Ahoranta et al. (2008) who found that a 
threshold temperature of 177 to 227°C gave the best match between predicted and 
experimentally derived values for the axial residual strain in Nb3Sn filaments. This 
cannot be considered accurate, however, because of uncertainties about the constituent 
material properties used in the modelling. Indeed, the experimental results obtained 
from the wires that were rapidly cooled at the end of the heat-treatment suggest that a 
much higher value should be used. Those results, given in Chapters 4 and 5, suggest 
that very little stress-relief occurs during the cool-down. Rapidly cooled wires would 
be expected to experience much less stress-relief than slow cooled wires and therefore 
exhibit measurably different change in length and stress-strain curves. The results 
showed that there were no differences. Also, work by Fliikiger (1982) suggested that 
residual stresses begin to build up fl"om at least 800 K. For this reason it was 
concluded that the threshold temperature should be relatively close to the heat-
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treatment temperature. The effect on the results of u ing a range of values cIo e to the 
heat-treatment temperature is shown in Figure 6.21. 
TO stre relief during cool-down at end of heat-treatment 
tress relief on cool-do\ n only above 577°C 
tre relief on cool-down only abo e 477°C 
400 Room Temperature 
300 
100 
o 
o 0.2 0.4 0.6 0.8 
train (%) 
Figure 6.21 Model en itivity to stre s relief during cooling at the end of the hea t-treatment 
tress relief on the cool-down was one of tlu'ee uncertainties that had similar effects 
on the re ult , the other two being the grain size and tin content of th bronze. It wa 
therefore not po sible to find a single be t match ' value for the threshold temperature, 
independent of the values used for the other two uncertainties. However, with best 
estin1ate value used for th other two uncertainties, a threshold temperature of 57r 
(850 K) produced the b st match ith e periment. 
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6.6.2.6 Young' modulus ofNb3Sn 
As described in ection 6.4.2.3, there is some degree of uncertainty about the modulus 
of b3Sn at temperatures below about 100 K. Th modulus was assumed to be 135 
GPa at temperatures above 100 K and it was found that a modulus of 110 GPa at 77 K 
gave the best fit with the experimental results. The results obtained with a 77 K 
modulus of between 100 and 120 GPa are compared in Figure 6.22. 
500 
400 
,.-.,. 
ro 300 
'-"" 
Vl 
Vl 
200 
C/) 
100 
- 120 GPa 
- LI0 GPa 
- 100 GPa 
77K 
o 
o 0.2 0.4 0.6 0.8 1.2 
Strai n (%) 
Figure 6.22 Model sensitiv ity to mod ulus of Nb3Sn at 77 K 
153 
Chapter 6 Finite element modelling 
6.6.2.7 Pois on 's l'a tio of Nb3Sn 
As explained in Section 6.4.2.3, the data a ailable for the Poisson' s ratio of Nb3Sn is 
scarce. It can be seen from Figure 6.23 that the alue used had vutuaJly no effect on 
the stress-strain curve obtained by the F. . analysi . 
-- 0.30 Poi son's ratio 
-- 0.35 Poi son's ratio 
400 Room Temperature 
300 
100 
o 
o 0.2 0.4 0.6 0.8 
Strain (%) 
Figure 6.23 Mod el sensitivity to Poisson' ra tio of NbJ n 
6.6.2.8 Work hardening rate for bronze 
As expJained in ection 6.4.2.2, there is a Jot of uncertainty about the UTS and 
elongation fo r the bronze in the superconducting wire. There is therefore some 
uncertainty about stre s-strain curves of the bronze, as the UTS and longation are 
used in Mitchell s expressions ( ee Section 6.4.2) to compute the stress-strain curve. 
In contrast, the Young's modulus and yield stress, which are also used in Mitchell 's 
expression, are known with a good degre of confidenc . Thu , uncertainty about the 
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UTS and elongation effecti ely means that there i only uncertainty about th work 
hardening rate, i.e. the lope of the stress-strain curve after the yield point. To obtain a 
match with the experimental result , different work hardening rates were used in the 
modelling as described in Section 6.4.2.2. The different work hardening rates were 
obtained by fixing the elongation to the alue predicted by (Mitchell 2005 
ryogenics) and estimating the TS by different methods. For the room temperature 
results, a good match was obtained using UTS values given by one paIticular 
e timation method (estimate 2 in Figure 6.11). The effect of using a lower work 
hardening rate which a gi en by another estimation method (e timate 1 in Figure 
6.11) is shown in Figure 6.24. 
-- High work hardening rate 
-- Low work hardening rate 
400 Room Temperature 
300 
100 
o 
o 0.2 0.4 0.6 0.8 
Strain (%) 
F igure 6.24 Model sensitivity to wo r k hardening rate of b ronze 
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Of all the uncertainties in the model \vhose effects were investigated, only the work 
hardening rate of bronze had any significant effect on the width of the hysteresis loop. 
Another uncertainty that would also influence this is the assumption that the materials 
behaviour is accurately modelled with the kinematic hardening rule. The work 
hardening rate of the bronze that gave the best match with the experimental results 
was not dependent on the assumptions made for the other uncertainties, because these 
had little effect on the width of the hysteresis loops. 
6.6.3 Evolution of stresses within individual constituent materials 
As well as modelling the overall stress-strain behaviour of a superconducting wire the 
F.E model can also be used to investigate the local stresses and strains within the wire. 
As explained in Section 6.2, the models produced for this research were of simplified 
cross-sections, the number of Nb3Sn tilaments being much less than the actual 
number. For this reason the models could not be used to investigate the complex 3 
dimensional stresses across the filaments. However, they could be used to investigate 
how the average axial stress in ditTerent locations evolves as an axial load is applied to 
the wire. The results are shown in Figure 6.25. The individual stresses at zero strain 
are the residual stresses resulting from the heat-treatment. These are also given in 
Table 6.6. This analysis also reveals the applied strain at which the axial stress in the 
Nb3Sn filaments passes through zero. This is of no particular importance at room 
temperature, but at 4 K it would give an indication of the strain at which the optimum 
superconducting properties would be achieved. An analysis at 4 K is not shown here 
because of uncertainty about the material properties at 4 K, particularly the strength of 
the bronze. 
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Figure 6.25 F.E. prediction of ax ia l stresses within con tituent materia ls at roo m tempera ture 
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Location 
Bronze (around filaments) 
Bronze (inner region) 
Bronze (outer region) 
Copper 
Barrier (average within Nb and Ta) 
NbJSn filaments 
Residual Stress (MPa) 
185 
183 
170 
82 
-418 
-547 
Table 6.7 F.E. model prediction of axial residual stresses at room temperature 
6.7 Conclusions 
1. The finite element modelling of the stress-strain behaviour of the superconducting 
wire at room and liquid nitrogen temperature produced a very good match to the 
experimental results. All parts of the stress-strain curve, including the hysteresis 
loops produced by unloading and reloading, are well matched. 
2. The stress-strain curves predicted by the F. E. models are independent of the way 
the Nb)Sn is distributed within the matrix. The results are the same for models 
which distribute the Nb)Sn in 6, 30 and 618 tilaments. The real wire has 22866 
filaments, but because there is no difference between the FE results for 6 to 618 
filaments, it is reasonable to assume that there would also be little difference if the 
full number of tilaments were modelled. 
158 
Chapter 6 Finite element modelling 
3. The axial residual stresses in the wire at room temperature predicted by the F. E. 
model are -550 MPa for the Nb3Sn filaments, around 170-190 MPa for all the 
bronze and 82 MPa for the copper core. 
4. There is some uncel1ainty with a number of the assumptions made. The main 
uncertainties that have a significant eiTect on the results are: 
i) The work hardening rate of bronze within the wire, i.e. the form of the stress-
strain curve after the yield point. 
ii) The Young's modulus ofNb3Sn at low temperatures 
iii) The amount of stress-relief that occurs during the cool-down at the end of the 
heat -treatment 
iv) The grain size and tin content of the bronze 
v) How well the kinematic hardening rule represents the stress-strain behaviour 
of the constituent materials 
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CHAPTER 7 
Etching experiment: validation of the 
R E. model and the measurement of 
residual stresses 
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7.1 Introduction 
To model a superconducting wire it is necessary to know the material properties of the 
constituent materials. A major factor influencing the validity of any model is how 
accurately the material properties are represented. Normal material testing is 
problematic because superconducting wires are complex multi-filamentary composites 
and it is not possible to separate the constituent materials to such an extent that they 
can be tested in the normal way (i.e. a tensile test). The material properties are 
strongly influenced by the structure of the composite wire and its fabrication history, 
in particular the heat-treatment. It is therefore not possible to obtain material samples 
for testing that arc in the same condition as those found in the wires. The experimental 
method described in this chapter provides data to validate the F. E. model presented in 
Chapter 6, and because the method provides data that is directly related to the 
properties of only selected parts of the wire cross-section, the data is particularly 
useful for validating the constituent material properties. 
Differences in the coefficients of thermal contraction between the constituent 
materials cause residual stresses to be produced when the wires are cooled from the 
heat-treatment temperature. This is of particular interest because the superconducting 
properties of the wire are strongly dependent on the strain state of the Nb1Sn. It is 
therefore desirable to measure these residual stresses, both to obtain accurate values 
for specific wires and for the validation of predictive models. Awaji et al. (2006) used 
neutron diffraction to measure the residual strain in Nb3Sn filaments. Neutron 
diffraction is, however, an expensive and time consuming process. Also, results can 
only be obtained for grains that are orientated in particular directions. Overall values 
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are obtained by averagmg the results. This could potentially lead to errors if 
insufficient numbers of grain orientations can be analysed. The experimental method 
described in this chapter provides an alternative method for the measurement of 
residual stresses in superconducting wires. 
7.2 Description of method 
The experimental method described II1 this chapter has similarities to methods 
described by Entwistle and Myerscough (1983) and Hojo et al. (2004). Entwistlc and 
Myerscough investigated the axial internal stress in steel wire by measuring the 
change in length of the wire as its diameter was continuously reduced by dissolution 
in nitric acid. Hojo et al. investigated the mechanical properties and the thernlal 
residual stress distribution of copper in Nb3Sn superconducting wire. The stabiliser 
copper was removed in stages from the outside of the wire by immersion in nitric acid 
and the stress-strain curves were measured. The Young's modulus, axial residual 
stress and the plastic zone part of the stress-strain curve for the copper were obtained 
by comparing the stress-strain curves before and after etching away the copper. The 
analysis required the change in length caused by etching away the copper, but this was 
not measured directly. Instead, the yield strength of the copper was estimated and 
from this the change in length was calculated. The experimental method employed for 
this thesis is a combination of the methods used by Entwistle and Myerscough (1983) 
and Hojo et al. (2004). The bronze matrix material of the superconducting wire was 
etched away in stages. After each etching process the diameters and lengths of the 
wires were measured, and stress-strain curves were obtained by tensile tcsting some of 
the etched specimens. 
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The analysis of the results was based on a simple force balance equation. The wire 
cross-section is treated as being composed of two parts, a central core and an outer 
ring joined at radius r as shown in Figure 7.1. 
Figure 7.1 Analytical treatment of wire cross-section 
The total axial force in the wire is the sum of the axial force in the two parts, as given 
by the following equation. 
(7.1) 
where (j is the stress, A is the cross-sectional area and the suffixes 1, 2 and T refer to 
the two parts of the wire and the whole wire respectively. 
Now, if radius r is the radius to which the wire is etched down to, the stress in the 
material that has been etched away can be obtained from the following equation. 
= (7.2) 
where O"r and 0"\ are obtained from the stress-strain curves of the wire before and after 
the etching operation. The strain associated with the change in length that results from 
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the etching operation is applied to the stress-strain curve of the etched wire to ensure 
that the strain values are relative to the same original length. This was done by simply 
shifting the curve along the strain axis by the strain associated with the change in 
length, dL, as illustrated in Figure 7.2. 
Stress 
I 
I 
Measured stress-strain curve of etched wire 
--- Curve with strain adjusted to be relative to 
unetched wire 
I 
I 
, , 
I 
; , , 
; 
; 
; 
; 
.--. 
dL Strain 
Figure 7.2 Illustration of the method used to make strain relative to originallcngth 
By applying this equation, stress-strain curves for the material that was etched away 
could be derived. However, the initial pruis of the curves from zero strain up to the 
change in length strain could not be derived directly. This was because the measured 
stress-strain curve of the etched wire only starts from the change in length strain. By 
extrapolating the curves back, however, the derived stress-strain curve for the material 
that was etched away could be extended back to zero applied strain. The average axial 
residual stress in the two parts of the wire could then be obtained by simply reading 
off the stress at zero applied strain. 
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The method described above has a significant flaw, however. It makes no allowance 
for any lateral stresses. It only considers the axial stresses. \\Then an outer layer is 
removed by etching to radius, r, the axial force in that layer is removed, but if there is 
any radial stress at radius r prior to etching, then the radial force acting on the etched 
wire is also removed. The method would accurately account for the 3 dimensional 
stresses if the radial stress could somehow be left unchanged by the etching operation. 
The effect of not allowing for the radial stress can be assessed by evaluating how the 
results would change if the radial stress could be left unchanged. The major effect is 
that the change in length measurement would be different. A radial force applied to 
the outside of the etched wire would cause an axial strain. Taking the simple case of a 
homogeneous material with only elastic deformation, the axial stain is given by 
(7.3) 
where [; is strain, cr is stress, E is the Young's modulus, l' is the Poisson's ratio and 
the suffixes x, y and z refer to the 3 Cartesian directions. 
The non-axial stresses have a smaller effect on the axial strain than the axial stress, by 
a factor of the Poisson's ratio (therefore approximately 0.3). Applying a radial stress, 
however, would also change the hoop stress (in the simple case the hoop stress would 
be equal to the radial stress), so the change in length could he around 0.6 that of the 
change in length resulting from an equivalent axial stress. 
The error resulting from only considering the axial stresses could therefore be 
significant and ohviously would depend on the level of the radial stresses compared to 
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the axial ones. To evaluate the approximate degree of error a finite clement 
assessment of the method was undertaken. 
7.3 Investigation of method using Finite Element 
The etching experiment was modelled using the finite element model described in 
Chapter 6. After the temperature load step to cool the wire from 577°C down to room 
temperature, the etching was modelling by killing clements from the outside of the 
wire. A single element wide ring of elements was killed on each load step to minimise 
errors associated with coarse load stepping. After the wire diameter was reduced to the 
desired amount, the axial strain was extracted from the results and then negative 
pressure was applied in stages to the top face of the model to simulate a tensile test in 
just the same way as was done in Chapter 6. The results were then used to derive the 
stress-strain curves of each of the radial zones of material that were etched away in the 
way described in Section 7.2. To check the accuracy of these derived curves, the 
actual stress-strain behaviour of each of the radial zones was obtained by analysing 
the stresses using the results of an F. E. simulation of a tensile test on the whole wire. 
The force in each of the radial zones was obtained using the Ansys Smface Operations 
command. The results are compared in Figure 7.3. 
It can be seen that the error in the prediction of stress-strain curves and residual 
stresses using the etching method is significant for some parts of the wire, but is 
remarkably accurate for other parts. For example, the axial residual stress in the outer 
bronze layer (01.4 to surface) is under predicted by about 30%. The predictions are 
most accurate in the regions of the wire containing the NbJSn filaments embedded in 
the bronze matrix, i.e. 00.6 to 00.8, 00.8 to 01.0,01.0 to (-)1.2 and (-)1.2 to 01.-J.. 
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7.4 Experimental procedure 
A total of 30 reacted wire specimens (heat-treatment regime 8) were used in the 
experiment. They were etched one at a time, reducing their diameters by 
approximately 0.1 mm each etching operation. The etching operations caused an axial 
strain in the wires because of redistribution of residual stresses and this strain was to 
be obtained by measuring the change in length of the wires. It was therefore necessary 
to prevent the ends of the specimens from being etched. Small rubber corks were 
therefore fitted over the ends. The specimens were then placed in a glass measuring 
flask filled with 20% concentrated nitric acid. To achieve even etching around the 
specimens, the flask was tilted over as much as possible and the specimens were 
continuously rotated using tongs. To achieve even etching along the length of the 
specimens, they were removed half way through the etching operation and re-
immersed in the acid the other way around. The duration of the etching operation was 
controlled to give the desired wire diameter. A maximum and minimum diameter was 
measured at five locations along the length of each etched specimen using digital 
callipers. An average diameter for each specimen and an average for all the specimens 
were then calculated. The length of the etched specimens was measured llsing long 
length vernier callipers as described in Chapter 4. After some of the etching 
operations, four of the etched specimens were kept to be tensile tested using the 
method described in Chapter 5. This process was repeated several times (albeit with a 
reducing number of specimens because some were being kept for tensile testing) until 
the wires were etched all the way down to the barrier layer. The barrier layer 
prevented further reductions in diameter because of its resistance to nitric acid. Nb3Sn 
is also resistant to nitric acid, but as the bronze matrix was etched away the NbjSn 
filaments became lose and just fell away or were gently rubbed 
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7.5 Experimental results 
7.S.1 C ha nge in length 
The result of the change in length measurem nts are hown in Figure 7.4. Each point 
show the change in length of an individual wir specimen. The different colours and 
point types merely how the groups of specimens which were etched down to 
approximately the ame target dian1eter. best fit curve i also hown on the graph. 
There was quite a lot of scatter in the re ult but the general trend was that the length 
increased as the outer layer were etched away reaching a maximum with the 
diameter at about 1.0 mm and then decreased as the diameter was reduced further. 
0.12 
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Figure 7.4 C ha nge in lenoth due to etching wires dow n to ma iler dia meter 
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There i some doubt about the r ult howe er particularly for the smaller diameters. 
The reason for tbis is that some ignificantly different results \ ere obtained when 
three extra specimens were te ted. Thes er p cimens that had been kept for the 
t nsi le t sting part of the perimental procedure but were surplus to requirement. 
These specimens were then etched down to the small r diameters and the changes in 
I ngth were mea ur d after each etching operation. The results from the e pecirnens 
are shown in Figure 7.5 a bold lin s to diffi rentiat th m from the other data. 
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Fiuure 7.5 ha nue ill leng th mea uremen t fo r each wire specime n 
It can be seen from the figure that the tl1Iee extra specimens did not foil w th am 
trend as the other p cim ns. A possible cau for th discrepanc th time 
djffi rence b ten te ting the p cimens. The bulk of the peClm ns v ere tched to 
the diffe rent diameters ver a p riod of a few day with the length mea urem nts 
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being made soon after each etching operation. The extra three specimens were given 
some of the etching operations at the same time as the other specimens, but were then 
kept for about 3 months before the etching operations \vere resumed. During this delay 
of 3 months it is possible that some stress relaxation had taken place. It had already 
been observed that some time dependent stress relaxation does indeed take place at 
room temperature. When the wires were straightened by hand to prepare them for 
heat-treatment it was found that the wires would regain some of their curvature if left 
for a few minutes. The figure also shows that the scatter in the results is mostly related 
to specimen-to-specimen variation. This would indicate that the residual stress profile 
across the wire cross-section varies significantly between specimens 
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7.5.2 Stre s-strain behaviour of etched wires 
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300 
200 
(/) 
(/) 
r/) 
100 
- Original 1.5mm diameter 
- Etched to l.4mrn diameter 
- Etched to 1.2mm diameter 
- Etched to 1.0mm diameter 
- Etched to 0.8mm diameter 
- tched to 0.6mm diameter 
- Etched to 0.49mm diameter 
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0.6 
Figure 7.6 Stress-strain curves of wires after etching 
0.8 
Figure 7.6 hows the stres -strain curves that were obtained from the etched WIr 
specimens. ach curve is an average of 4 tensile tests done on different specimens. 
For each individual t st several loading and unloading cycles were performed in the 
same way a described in Chapter 5. To simplify the figure however, the resulting 
hysteresis loops have been removed from the curve . 
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7.5.3 Derived r esidual h'e es and tre s- train behaviour of radial zones 
s described in ection 7.2 the method require that the stress-strain curves for the 
etched wires to be shifted along the strain axi by the train associated with the change 
in length caused by the etching operation. Tlli hown in Figure 7.7. 
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Figure 7.7 tress- tr"a in curves of etched wire with normalised stra in 
For some of the curve in Figme 7.7, the initial part are not shown as they need to be 
di r garded. The rea on for this is that the wires actually decrease in length for the 
etching operation that reduce th diam eter below about I mm. Therefore, the wires 
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effectively behave as if being unloaded. During the subsequent tensile tests, the stress-
strain behaviour does not return to the original loading curve until the strain exceeds 
that at which unloading began. The curves in the figure are only shown from this 
point. 
By applying the force balance equation given in Section 7.2 to the curves shown in 
Figure 7.7, the stress-strain curves for the radial zones were derived. These are shown 
in Figure 7.8. 
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.Figure 7.8 Experim en ta lly de rived stress-stra in curves of rad ia l zones 
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The derived stress-strain curves for the outer two radial zones, 01.4 to surface and 
01.2 to 01.4, clearly show some error because of the negative slope at the start of the 
curves. This is probably due to error in the measured stress-strain curves in this strain 
region. The measured stress-strain curves are an average of the results from 4 
specimens and because there was significant variation between these, some degree of 
error is inevitable. The axial residual stresses in each of the radial zones can be 
obtained by extrapolating the curves back to zero strain. It can be seen from the figure 
that accurate extrapolation is difficult, but approximate values can be obtained. 
Extrapolating the curve for the outer bronze layer (01.4 to surface) back to zero strain 
(taking into consideration that the initial slope of the derived curve is erroneous), a 
stress of approximately 100 - 150 MPa is obtained. However, as shown in Section 7.3, 
the method probably under predicts the real value by about 30%. Allowing for this, 
the residual stress is indicated to be approximately 150 - 200 MPa. 
The curves for the parts of the wire in the middle of the region containing the Nb3Sn 
filaments (00.8 to 01.0 and 01.0 to 01.2) are very similar and if extrapolated back to 
zero strain yield a value of approximately -100 MPa. The analysis in Section 7.3 
showed that the method gives a good prediction of the average axial residual stress in 
this region. The residual axial stress in this region is the sum of the stresses in the 
Nb3Sn filaments and the bronze matrix. The F. E. analysis in Section 6.6.3 showed 
that the value obtained for the axial residual stress in the bronze matrix around the 
filaments was very close to the value obtained for the bronze in the outer region (the 
difference being only 15 MPa). The axial residual stress in the bronze matrix can 
therefore be assumed to be approximately 165 - 215 MPa. The axial residual stress in 
the Nb3Sn filaments can therefore be calculated as follows: 
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arAr = at Al + amAm (7.4) 
0'1 
afAr - am A", 
(7.5) 
AI 
where a r and At are the stress in and the area of the of the region as a whole, a r 
and A f are the stress in and the total area of the filaments, and am and A/ln are the 
stress in and the area of the bronze matrix excluding the filaments. The areas are 
calculated from the measurements of the wire cross-section, i.e. diameter to inner and 
outer edge of filaments region is O.58mm and 1.34mm respectively, filament diameter 
is 0.0047mm and the total number of filaments is 22866. The residual compressive 
stress in the filaments comes to 600 to 694 MPa when using 165 to 215 MPa for the 
residual tensile stress in the bronze matrix. 
7.6 Comparison between F. E. and experimental results 
7.6.1 Change in length 
Figure 7.9 compares the F. E. and experimental results for the change in length 
resulting from removal of outer layers by etching. The results agree very well over the 
small range from 1.5mm diameter down to about 1.35mm, but for reductions in 
diameter beyond that there is a big difterence in the results. In the F. E. analysis, the 
length begins to decrease after the etched surface reaches the filaments. 
Experimentally it was found that the length continued to increase until the diameter 
was reduced to approximately Imm, well into the region containing the tilaments. The 
reason for this is unknown, although it may be partly due to stress relaxation taking 
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place after the etching operations. The re ults presented in ection 7.5 .1 indicate that 
such tress relaxation did takes place. 
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Figure 7.9 Change in length due to etching: F.E. and exper im ent compa red 
7.6.2 Stress-strain behaviour of etched wires 
Figure 7 .1 0 shows the stress-strain curves of the etched wires obtained experimentally 
and by F. E. modelling. For the experimental data, a stress-strain cw-ve obtained from 
an indi idual wire sp cimen is shown on each graph along with the curve representing 
the average of the 4 specimens that were tested. This is so that the hy teresis loops can 
be compared (the curve representing the average does not include the hysteresis 
loop ). The figure shows that the results compare reasonably well for all sizes except 
the smallest 0.49mm diameter. For the 1.4mm diameter wire, the results are in very 
close agreement. There are some differences in the sizes of the hysteresis loops. For 
the 1.2, 1.0 and 0.8mm diameter wires, the experimental hysteresis loop are narrower 
than those obtained from the F. E. analy i . For the 0.6 and 0.49mm diameter wires, 
the opposit is the case. 
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7.6.3 Derived residual stresses and stress-strain behaviour of radial zones 
Figure 7.11 shows the derived stress-strain behaviour of radial zones of the WIre. 
These were obtained using the etching method described in this chapter. The 
experimental results are compared against those obtained by the F. E. simulation of 
the etching method. The results are in good agreement for the majority of the radial 
zones. The agreement is particularly good for the zones containing the Nb3Sn 
filaments and bronze matrix. The agreement is not so good, however, for the central 
core containing the copper and the barrier layers or for the radial band of bronze 
between the barrier and the innermost tilaments. The change in length caused by the 
etching was significantly different from that predicted by the F. E. analysis (as shown 
in Section 7.6.1) and this may be the cause of some of the discrepancy. 
The results shown in Figures 7.10 and 7.11 suggest that the material properties for the 
constituent materials used in the F. E. model are reasonably accurate. although there 
are clearly some inaccuracies particularly for the barrier materials and the copper. 
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The axial residual stresses in the radial zones werre obtained by extrapolating the 
stress-strain curves back to zero strain. For the outer bronze layer «(i) 1.4 to surface) it 
can be seen that the experimental and F. E. curves extrapolate back to approximately 
the same stress. It is therefore reasonable to assume that the value obtained (150 to 
200 MPa, after allowing for the 30% under-prediction explained in Section 7.3) is 
accurate. 
For the radial zones in the middle of the region containing the Nb3Sn filaments, the 
F.E. and experimental stress-strain curves are in very good agreement, but 
extrapolating them back to zero strain does produce slightly different results. The 
experimental curves extrapolate back to approximately -100 MPa, whilst the F. E. 
curves give a value of approximately -50 MPa. Using the F. E. value to calculate the 
residual stress in the Nb3Sn filaments (equation 7.5), a compressive stress of between 
456 and 550 MPa is obtained. This compares to 600 to 694 MPa that was obtained 
using the experimental data. The ditTerence is relatively small and indicates that the 
assumptions made in the F. E. modelling are at least reasonably accurate. 
There is a large difference between the experimental and F. E. results for the central 
core containing the copper and the barrier layers and for the radial band of bronze 
between the barrier and the innermost filaments. There is considerable uncertainty 
about the experimental results of change of length for the wires etched down to these 
sizes, as discussed in Section 7.5.1. There is therefore little confidence in the accuracy 
of the experimentally determined residual stresses for these two areas. 
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7.7 Discussion and conclusions 
1. An experimental method has been proposed for providing data to validate F. E. 
models of superconducting wires and to measure axial residual stresses. The 
method involves etching away material from the surface of wire specimens, 
measuring the change in length and the stress-strain curves of the etched wires. 
2. The method only takes axial stresses into account and will therefore produce 
inaccurate results if there are significant non-axial stresses present. An assessment 
of the errors was made by simulating the etching method using the F. E. model 
described in Chapter 6. The error between the actual stress-strain behaviour within 
radial zones and the behaviour derived by the etching method was relatively small 
for the majority of the radial zones. By having knowledge of this error, however, 
the experimental results can be compensated to increase the accuracy. 
3. Etching away material from the outside of wire specimens produces a change in 
length that is related to the axial residual stress that was present in the material 
etched away. The experimental results partially agree with the change in length 
predicted by the F. E. simulation. The agreement was good with only small 
amounts of material being etched away, but the agreement did not hold with 
further etching. This shows that there are some deficiencies with the F. E. model. 
4. The experimental results exhibited a large amount of scatter and appeared to be 
dependent on the time period between the etching operations. This suggested that 
some time dependent stress relaxation was taking place at room temperature. The 
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F. E. model described in Chapter 6 only allows for stress-relief at high 
temperatures and so may not be adequate for modelling this behaviour. 
5. The measured stress-strain curves of wires etched down to a range of diameters 
have been compared with those obtained by F. E. simulation using the model 
presented in Chapter 6. Also the derived stress-strain curves of radial zones of 
material within the wire have been compared with those obtained by the F. E. 
simulation. Generally, the results compare well giving validation for the 
assumptions made in the modelling, particularly the material properties of the 
constituent materials. There were some differences, however, suggesting that the 
F. E. model is not accurate in some respects. In particular, the measured and F. E. 
stress-strain curves of wires etched down to the barrier layer are significantly 
different. This suggests that the material properties of the copper core and the 
barrier layers have not been represented accurately. 
6. The value for the tensile axial residual stress in the outer bronze layer that was 
obtained using the experimental method was approximately 150 to 200 MPa. This 
is in agreement with the value produced by the F. E. analysis in Chapter 6 
(170MPa). 
7. Using the experimental data, the compressive residual stress in the Nb3Sn 
filaments was calculated to be in the region of 600 to 694 MPa. The figure 
obtained from the F. E. analysis in Chapter 6 was 547 MPa. The difference is 
relatively small and so provides further experimental evidence of the validity of 
the F. E. model. 
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8.1 Conclusions 
The magnetic field strength that can be generated by superconducting magnets made 
with Nb3Sn multi-filamentary composite wire is dependent on the mechanical as well 
as the superconducting properties of the wires. The wires can be subjected to high 
levels of stress, particularly in large or high field magnets. The amount of strain that is 
produced by this stress is dependent on the mechanical properties of the wires, and the 
strain state of the superconducting Nb3Sn within the wires strongly influences the 
current carrying capacity and therefore the maximum magnetic field strength. This 
thesis presents a finite element model of a superconducting wire for modelling the 
mechanical behaviour and also the results of comprehensive experimental 
measurements of the mechanical properties made on particular superconducting wire 
manufactured by Oxford Instruments. The F. E. model was optimised and validated 
using the results of tensile tests carried out at room temperature and 77 K. A very 
good match was achieved between the F. E. and experimental results for stress-strain 
behaviour at both temperatures. Extra validation was provided by data obtained from a 
novel experimental method that involved etching away concentric layers from the 
outside of wire specimens, measuring the axial strain caused by the redistribution of 
residual stresses and measuring the change in the stress-strain behaviour. More details 
of the findings of the thesis are given below. 
For the experimental work, it was necessary to have wire specimens that had been 
given a reaction heat-treatment process. Specialised inert atmosphere heat-treatment 
apparatus was designed and built for this purpose and this was used to prepare 
specimens with a range of different heat-treatments. In practice, the reaction heat-
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treatment is usually given after the WIre has been wound onto the magnet coil. 
Changes in wire dimensions that occur as a result of the heat-treatment can affect the 
performance of the magnet by causing the wire to become loose or by changing the 
axial and contact stresses. The changes in wire dimensions of the heat-treated wire 
specimens were measured. Specifically, specimen volume and length measurements 
were made from which specimen diameter was calculated. The average diameters of 
the Nb3 SnlNb filaments within the wires were also measured. In general, wire length, 
diameter and volume, as well as filament diameter, all generally increase as a result of 
the heat-treatment. The implications of these dimensional changes for magnet 
manufacture were discussed in Chapter 4. 
Obtaining accurate experimental measurements of the mechanical properties of 
superconducting wires is made difficult by the small diameter of the wires and their 
low yield strength. A tensile testing method was developed for this thesis that enabled 
reliable results to be obtained. The effect of the reaction heat-treatment process on the 
mechanical properties was investigated by testing wires given a range of different 
heat-treatments. To the knowledge of the author, this is the first time such a study has 
been carried out. The results indicated that significant changes in mechanical 
properties are caused by the heat-treatment. However, the mechanical properties of 
wires given short heat-treatments were very similar to those given very long ones. 
Therefore, altering the heat-treatment duration within the limits required to produce 
reasonable superconducting properties, would have an insigniticant effect on the 
mechanical properties (at least for the particular wire investigated for this thesis). 
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A finite element model was developed to model the mechanical behaviour. This 
involved modelling the thermal residual stresses that develop as the wire is cooled 
from the heat-treatment temperature. These stresses are relatively large because of the 
big difference in the coefficients of thermal expansion of the different constituent 
materials of the wire. The stress-strain behaviour at room temperature and 77 K was 
obtained by simulating tensile tests. Loading and unloading cycles were included in 
the simulation to obtain hysteresis loops. Due to computational constraints it was not 
possible to model the true geometry of the composite wire with 22866 filaments 
within it. The volume fractions of the different components were accurately 
reproduced in the models, but the wire was modelled as having a reduced number of 
filaments: 6, 30 and 618 filaments in different models. The simulated stress-strain 
behaviour was the same for all three models and therefore it is reasonable to conclude 
that for the purposes of modelling overall stress-strain behaviour it is not necessary to 
model the true number of filaments: it is sufficient to model a smaller number of 
filaments, but with larger diameters to maintain the correct volume fraction. 
The material properties of the constituent materials were required as an input for the 
F. E. models. There was some uncertainty, however, about the values of some of these 
properties. Where available, the data was taken from the literature, but because 
properties were required over a wide temperature range (approximately 4 to 1000 K) 
and because some of the materials don't exist in the same form outside of the 
composite wire, this was not possible in all cases. Material testing was not feasible 
either for the same reasons. For the main uncertainties, analyses were run using a 
range of estimated values that were based on the available data. Some of the 
uncertainties were found to have no significant effect on the stress-strain behaviour of 
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the wire as a whole and so were of little importance in modelling that behaviour. For 
other uncertainties, "best match" values were obtained by analysing the F. E. 
generated stress-strain curves and comparing them with the experimental results. It 
was possible to do this because of the unique dIect that these uncertainties had on the 
stress-strain curves. For example, the work hardening rate of the bronze was the only 
uncertainty investigated that had any significant effect on the width of the hysteresis 
loops. For three of the uncertainties investigated, it was not possible to obtain "best 
match" values independently because they all had similar effects on the stress-strain 
curve. For two of these, however, the level of uncertainty was relatively low and so 
best estimate values were used. These were the grain size and tin content of the 
bronze, which were used in the expressions to generate the stress-strain curves of the 
bronze. A "best match" value could then be obtained for the last remaining 
uncertainty: how much stress-relief occurs during the cool-down at the end of the 
heat-treatment process. By assigning values to the uncertain material properties in this 
way very good agreement was achieved between the F. E. and experimental stress-
strain curves at room and 77 K. This provided some limited validation of the F. E. 
model, but could not be considered proper validation because of the way that some of 
the assumptions made in the model were optimised to provide the best possible match 
with experiment. 
To provide further validation of the F. E. model, an experiment was devised to 
measure thermal residual stresses as well as material properties of different parts of 
the wire. The experiment involved etching away concentric layers of material from the 
outside of wire specimens by immersing them in nitric acid. The residual stresses in 
the wire redistribute to maintain equilibrium as material containing residual stresses is 
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etched away. This resulted in a change in length of the wire specimen that could be 
measured. Using the change in length measurements and by also measuring the stress-
strain curves of the etched wires, it was possible to calculate the axial residual stresses 
in different radial zones, i.e. the concentric rings that were etched away and the 
remaining core. It was also possible to derive the stress-strain curves of the material in 
each radial zone. The analysis only considers axial stresses, however, and does not 
take transverse stresses into account. F. E. analysis was carried out to investigate the 
error, which was generally shown to be relatively small. This error was only of 
consequence for the calculations of residual stress and derived stress-strain curves. It 
had no bearing on using the measured data to validate the F. E. model. Using the F. E. 
model, the etching experiment was simulated to obtain predictions for the change in 
length and for the stress-strain curves of etched wires. Generally, the F. E. and 
experimental results were in agreement, but there were some significant differences. 
The main differences were in the change in length measurements. For only small 
amounts of material having been etched away (down to diameter 1.4 mm) there was 
good agreement. This indicated that the residual stress in the outer bronze layer of the 
wire as measured in the experiment and as predicted by the F. E. model was 
reasonably accurate. The results did not agree, however, for further reductions in 
diameter. This indicated that there are some deficiencies with the F. E. model. One 
deficiency that the results pointed to was in the way that stress-relief is modelled. The 
model allows for stress-relief in only a simplistic way: full stress-relief is allowed to 
take place above a certain temperature (577°C was the value used), but none below it. 
The results indicated, however, that some stress-relief occurs at room temperature, 
although stresses are not completely relieved. More sophisticated modelling would 
therefore be required to adequately model the stress-relief behaviour. The results for 
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the stress-strain behaviour of etched WIres indicated that the constituent material 
properties used in the F. E. model were generally reasonably accurate. The exception 
was the material properties for the copper core and/or barrier, which were not of great 
importance because of their small effect on the overall mechanical properties due to 
the low strength of the copper and the low volume fraction of the barrier. 
8.2 Recommendations for future work 
This thesis has demonstrated that the mechanical propcI1ies of superconducting wire 
can be accurately modelled using the finite element method, there is however scope 
for further work in the areas highlighted below: 
a) Apply the F. E. model to other wires with different diameters and internal 
structures. The results should be checked against experimental measurements 
and the model improved upon if necessary. 
b) Extend the F. E. model to give stress-strain behaviour at 4 K. This will require 
determination of constituent material properties down to 4 K. In particular, the 
work hardening rate of bronze with low tin content and small grain size is not 
known with any certainty. Also, the low temperature clastic modulus ofNb3Sn 
is not known with certainty and, moreover, the literature suggests it is non-
linear with stress. The validity of the model should be checked with 
experimental measurements. 
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c) Endeavour to fill the gaps in the knowledge of the mechanical properties of the 
constituent materials. As well as the work hardening rate of bronze and the low 
temperature elastic modulus of Nb3Sn mentioned above, the properties of the 
niobium and tantalum of the barrier are also uncertain. Another area of 
uncertainty was the validity of the kinematic hardening rule to describe the 
stress-strain behaviour when loading is not un i-directional. 
d) Investigate the stress-relief that takes place as wires cool down from the heat-
treatment temperature. Also, investigate if any stress-relief takes place after 
wires are etched down to smaller diameters. If necessary, modify the etching 
experimental method to take account of this and improve the F. E. model to 
handle stress-relief more realistically. 
e) Investigate whether the twist of superconducting wires has any inHuence on 
the mechanical properties. 
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